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Statement of Purpose 

In 1984, a workshop was held on "Climatic Variability of the Eastern North Pacific and Western North Amer
ica ." From it has emerged an annual series of workshops held at the Wrigley Institute for Environmental Stud 
ies at Two Harbors, Santa Catalina Island, California. These annual meetings, which involve 80-100 
participants, have come to be known as the Pacific Climate (PACLIM) Workshops, reflecting broad interests in 
the climatologies associated with the Pacific Ocean and western Americas in both the northern and southern 
hemispheres. Participants have included atmospheric scientists, hydrologists, glaciologists, oceanographers, 
limnologists, and both marine and terrestrial biologists. A major goal of PACLIM is to provide a forum for 
exploring the insights and perspectives of each of these many disciplines and for understanding the critical 
linkages between them . 

PACLIM arose from growing concern about climate variability and its societal and ecological impacts . Storm 
frequency, snowpack, droughts and floods, agricultural production, water supply, glacial advances, stream 
chemistry, sea surface temperature, salmon catch, lake ecosystems, and wildlife habitat are among the many 
aspects of climate and climatic impacts addressed by PACLIM Workshops. Workshops also address broad 
concerns about the impact of possible climate change over the next century. From observed changes in the 
historical records, the conclusion is evident that climate change would have large societal impacts through 
effects on global ecology, hydrology, geology, and oceanography. 

Our ability to predict climate, climate variability, and climate change critically depends on an understanding of 
global processes. Human impacts are primarily terrestrial in nature, but the major forcing processes are atmo
spheric and oceanic in origin and transferred through geologic and biologic systems. Our understanding of the 
global climate system and its relationship to ecosystems in the Eastern Pacific area arises from regional study 
of its components in the Pacific Ocean and western Americas, where ocean-atmosphere coupling is strongly 
expressed . Empirical evidence suggests that large-scale climatic fluctuations force large-scale ecosystem 
response in the California current and in a very different system, the North Pacific central gyre. With such 
diverse meterologic phenomena as the El Nino-Southern Oscillation and shifts in the Aleutian Low and North 
Pacific High, the eastern Pacific has tremendous global influences and particularly strong effects on North 
America . In the western US, where rainfall is primarily a cool-season phenomenon, year-to-year changes in the 
activity and track ing of North Pacific winter storms have substantial influence on the hydrological balance. 
This region is rich in climatic records, both instrumental and proxy. Recent research efforts are beginning to 
focus on better paleoclimatic reconstructions that will put present-day climatic variability in context and allow 
better anticipation of future variations and changes . 

The PACLI M Workshops address the problem of defining regional coupling of multifold elements, as organized 
by global phenomena . Because climate expresses itself throughout the natural system, our activity has been, 
from the beginning, multidisciplinary in scope. The specialized knowledge from different disciplines has 
brought together climatic records and process measurements to synthesize and understanding of the com
plete system. Our interdsciplinary group uses diverse time series, measured both directly and through proxy 
ind icators, to study past climatic conditions and current processes in this region. Characterizing and linking 
the geosphere, biosphere, and hydrosphere in this region provides a scientific analogue and, hence, a basis for 
understanding similar linkages in other regions and for antic ipating the response to future climate variations. 
Our emphasis in PACLI M is to study the interrelationships among diverse data . To understand these interactive 
phenomena, we incorporate studies that consider a broad range of topics both physica l and biological , time 
sca les from months to millennia , and space sca les from single sites to the entire globe. 
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Introduction 

Raymond Wilson 
US Geological Survey 

The Fifteenth Annual PACLIM Workshop was held at the Wrigley Institute of Envi
ronmental Studies campus at Two Harbors on Catalina Island, California. An 
island is a highly appropriate place for a conference concerned with interactions 
between the atmosphere and ocean and their effects on terrestrial processes. 
Attended by about 84 registered participants (see Appendix C: Attendees, page 
147), the workshop included 38 talks and 16 poster presentations. The talks con
sisted of a one-day theme session, "1997-1998-EI Nino of the Century?", with 
eleven featured talks (see Appendix A: Agenda, page 137). Throughout the remain
der of the meeting were 27 talks on a variety of climate-related topics. Poster pre
senters gave a short one- to two-minute introduction to their posters, which were 
displayed during the entire meeting (see Appendix B: Poster Presentations, page 
145). On Tuesday evening, Marty Hoerling provided some interesting speculations 
about the next radical shift in global climate, "What to Expect from an Extreme La 
Nina-The Opposite of the Effect from an Extreme El Nino?" 

All presenters were invited to expand their abstracts into a manuscript for inclu 
sion in the Proceedings volume, and nearly all presentations are included in manu
script or abstract form. In this Proceedings volume, nine papers are presented full 
length, and two as extended abstracts. The abstracts submitted are printed in this 
volume, beginning on page 111. 

What Makes PACLIM Special? 

The Statement of Purpose briefly summarizes the history of the PACLI M work
shops and ably summarizes our corporate goals: to understand the interaction of 
atmospheric and oceanic processes, their connection with terrestrial processes 
through geologic and biologic systems, the temporal and spatial climatic varia
tions they produce, and the impact of these variations on society and the ecology 
on regional (eastern Pacific and Americas) and global scales. Over the past decade 
and a half, the PACLIM workshops have brought together a large "extended family" 
from a very broad range of disciplines--meteorology, hydrology, oceanography, gla
ciologists, paleontologists, limnologists, geomorphologists, and biologists, both 
marine and terrestrial. Particularly valuable, in my opinion, has been the mix of 
people representing the complete spectrum from "pure" academic research to the 
front lines of resource management. 

The PACLIM workshops are useful both to climate specialists and to newcomers: 
The specialists exchange data and news of the latest developments within their 
fields (for example, Quaternary palynology, tree-ring studies, or ocean-continent 
teleconnections), just as in a technical session at the American Geophysical Union 
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or American Meteorological Society, only at PACLIM they have an audience that 
includes specialists in many other fields. For the newcomer, however, the smaller, 
informal PACLI M Workshop presents an opportunity to not only hear lectures by 
the leading authorities, but to sit down and talk with them over dinner and to 
present their own ideas from a newcomer's perspective. 

The biggest difference I see between PACLIM and the larger meetings of national 
organizations, however, is in the tone of the interchanges after the talks. PACLIM 
discussions usually take place in a spirit of cooperation and mutual exploration, 
rather than in competition for turf or priority. Younger investigators, and those 
wandering in from other fields, are encouraged to speak up and share ideas and 
perspectives. The field of climate studies, even when focused on the eastern 
Pacific and western Americas, is complex and covers vast scales in time and 
space, so that there is plenty of room for everyone to participate in its exploration. 

El Niiio 1998, a Prophecy Come to Pass 

The first I heard of the 1997-1998 El Nino was as rumors at the 1997 PACLIM 
conference-the first held at Two Harbors. Sea surface temperatures were already 
rising, wind regimes shifting, and various other harbingers had already been noted 
around the dinner table by various meeting participants. By early summer of 
1997, the PACLIM rumors had become formal predictions of a newEl Nino in the 
Pacific. By late summer, it had come to pass, a formidable El Nino, stronger even 
than 1982-1983, with global consequences: drought and fires in Indonesia, floods 
in Peru (including mudslides covering part of the ancient "lines" across the Nazca 
Plain), disastrous ice storms in New England and the Maritimes, and floods and 
mudslides in northern California. 

These events were described in a number of interesting presentations at PACLIM 
1998. For the second year in a row, Maurice "Maury" Roos had an exciting flood 
story to tell (see page 85). Ray Garnett described the El Nino's impact on the 
world grain yields. Several authors described the impact of the sea-surface tem
perature changes on marine fisheries and other marine biologic communities. 
Gary Sharp presented a fascinating multi-media experience celebrating the com
plex dance between the ocean, atmosphere, biosphere, and human activities. 

For balance, a number of other authors described their work on tree-ring, pollen, 
and other long-term records of climatic variations on scales of decades to mi ll en 
nia, reminding all of us that the history of Holocene climatic variations contain 
excursions-wet and dry, warm and cold-that provide a sobering context for our 
present troubles. 

Along with the climatological anomalies of the past couple of years, have come 
some social and political perturbations. For a period of over a year, the national 
media had an insatiable interest in El Nino and its consequences. They became 
fascinated with the whole subject-teleconnections, sea-surface temperatures, 
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sea-level variat ions, and all. What does all this mean to those of us involved with 
PACLIM? We have a lot more of the public's attention now-however we decide to 
use it. Years of work that has seemed arcane and obscure is now in great demand. 
We live in "interesting times," with some of the sense of the old Taoist lament, but 
also a sense of new opportunities. I'm sure we will have much to tell each other at 
the 1999 PACLI M Workshop. 
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Estimates of Glacial Climate and Runoff for the 
Bonneville Basin 

Marina Timofeyeva, Susanne Clement, and Rachael Craig 
Kent State University, Department of Geology 
Kent, Ohio 44242 

Abstract 

We estimate climatic conditions in the basin of Lake Bonneville at the time of the 
last glacial (glacial) using a local climate model. When comparing modern tempera
ture solutions (spatial average) to those for the glacial, we find that glacial climate 
was cooler on average by 3.2 oc. During the glacial winter (November through April), 
the temperature is as much as 6.3 oc cooler and averages 4.4 oc cooler, while the 
glacial summer (May through September) is only 1.5° C cooler when compared with 
modern conditions and July is actually 0.3 oc warmer than modern. The glacial age 
seasonal distribution of precipitation is more variable than today. Wet season pre
cipitation (November through April) is estimated to be 2.3 times higher on average 
for the glacial , while dry season precipitation (May through October) is estimated to 
be 1.8 times higher. Precipitation is greater at the glacial in all months and the 
larger increase in winter leads to much greater snowpack. Rainfall is less in winter 
as a result of the cooler temperatures; more precipitation falls as snow. This impl ies 
fewer rain-on-snow events, less ripen ing of snowpack, and delays in snowmelt com
pared to modern. Using a modified version of a previously-developed runoff model, 
driven by the output of the climate model, we find that runoff during the glacial was 
3.1 times higher during the warm season (May through October) but was 
unchanged during the cold season (November through Apr il), which is expected due 
to precipitation remaining trapped as snowpack for a longer time. The runoff peak 
occurs at the same time (May), but reaches that peak much more abruptly at glacial 
compared to modern. These model solutions compare favorably with paleoclimatic 
and paleohydrologic evidence from the Bonneville Basin at this time, which sug
gests the following: (1) increased abundance of subalpine conifers and shrubs; (2) 
extensive valley glaciers in the Wasatch; (3) an increase of runoff of two to three 
times; (4) large prograding deltas at the mouths of the major rivers; and (5) the 
existence of a high stand of Lake Bonneville. 

Introduction 

Geologic records suggest the presence of a spacious Lake Bonneville in the basin 
of the present Great Salt Lake during the Late Pleistocene (Benson and Thompson 
1987). At about 15 ka, lake level reached 1552 m above sea level (O'Connor 1993), 
about 300 m higher than the present lake surface. General Circulation Model 
(GCM) analysis using boundary conditions representing this period indicate that 
the strong glacial age anticyclone and 3-km thick Laurentide ice sheet may have 
created atmospheric circulation within this area that was dramatically different 
than the present pattern (COMAP members 1988). Antevs (1948) suggested that 
such a shift in atmospheric circulation was responsible for the growth and high 
stand of Lake Bonneville during the Late Quaternary. Hostetler and Giorgi (1992) 
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and Hostetler and others (1994) have demonstrated that positive feedback occurs 
once a large lake forms due to downwind precipitation; however, no direct link 
between atmospheric circulation and lake initiation has been demonstrated to 
date. Here we examine the question whether this altered circulation pattern is 
capable of creating the recorded paleolake. 

We use a Local Climate Model (LCM) (Stamm and Gettelman 1995) to estimate 
the climatic conditions that prevailed in the basin of Lake Bonneville (Figure 1) at 
the time of the last glacial (glacial) and compared these to a control (modern) 
solution. The LCM results are applied as input to Snow and Surface Hydrology 
Models (Orndorff 1994 ), which yield hydrologic characteristics for the same area. 
The hydrologic solutions are used as input to a model (Singer 1985), which com
putes the resulting lake volume, surface area, and depth. The solution domain cov
ers an area about 6° latitude and 5.5° longitude with spatial resolution of 5 x 5 km 
(see Figure 1). 

42° 

41° 

40° 

39° 

38° 

115° 114° 113° 112° 111° 

Figure 1 Digital elevation matrix for the solution domain. The drainage basin boundary of 
Bonneville Lake is indicated by the black solid line. Elevations (m) are scaled to the 
image legend. Tick marks indicate 1 o intervals of latitude and longitude. 

Modeling Procedure 

We model mean monthly maximum daily temperature (TMAX, °C) and the natural 
logarithm of total monthly precipitation (PREC, mm) using the LCM, which per
forms statistical downscaling from global climate features to local climate charac-
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teristics and is calibrated with instrumental climate records. The LCM is solved for 
modern (control) and for the glacial by specifying appropriate boundary conditions 
from a GCM. The boundary conditions are the following: a digital elevation model 
(OEM), sea level, C02 concentration in the atmosphere, solar insolation, wind 
fields, sea surface temperature, and geopotential height. In this study, the forcing 
domain OEM represents 10 km x 10 km terrain elevations generated from 5' lati· 
tude and longitude topographic data provided by NGDC (National Geophysical 
Data Center 1987). Both the forcing domain and solution domain DEMs are 
assumed to be unchanged between glacial and control solutions of the LCM. These 
domains and other model details are explained by Stamm and Gettelman (1995). 
Sea level is specified as a change about the modern value (0 m for control run). For 
the glacial run, we use a sea level change of - 121 m as suggested by Fairbanks 
(1989). The level of C02 in the atmosphere for the control run is assumed to be 
300%0 for the modern run and 194%0 for the glacial run (Barnola and others 
1987). Solar insolation is computed as a function of latitude (Berger 1978). The 
LCM uses the Geophysical Fluid Dynamic Laboratory GCM control and 18 ka 
results for wind fields, sea surface temperature, and geopotential height (Manabe 
and Broccoli 1985). 

Since windfields and sea surface temperatures (SSTs) are the key boundary condi· 
tions for our model, we first evaluated the effect of using two different sources of 
these data during calibration of the model: (1) observational windfields derived 
from the National Meteorological Center (NMC) octagonal-gridded analysis and 
SST derived from the combined Advanced Very High Resolution Radiometer and 
Comprehensive Ocean Atmosphere Data Set; and (2) GFDL GCM solutions of both 
windfields and SST. Monte Carlo solutions of climate for each of these control run 
boundary conditions were compared to instrumental records at four climate sta
tions, considering both means and variances. We find that the calibration using 
GFDL windfields yields solutions that closely match those using NMC observed cli
mate. For each of the windfield and SST sources, both means and variances calcu
lated from the climate model are both accurate and precise estimators of the 
instrumental record. 

It is reassuring to find that the GCM can yield results as good as obtained using 
the observed values since only GCM estimates are available for the glacial. The 
solutions we have made for the glacial use the GFDL results as boundary condi
tions (Manabe and Broccoli 1985) for our model. These analyses are a refinement 
of earlier work (Timofeyeva and Craig 1997, 1998) in two regards: (1) we have 
used a more complete method of estimating the parameters of the frequency dis
tribution of monthly precipitation; and (2) we have used a modified water balance 
calculation in the hydrology model. 

As the distribution of PREC is highly skewed, we transform from the natural loga
rithm into metric units using methodology based on log-normal distribution prop
erties (Aitchison and Brown 1957). We use the standard error of prediction 
(Draper and Smith 1981) of the canonical correlation to estimate the standard 
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deviation of PREC in the transformation procedure (Timofeyeva and Craig 1997, 
1998). 

TMAX and PREC provide climate input to the Snow and Surface Hydrology models 
(Orndorff 1994). The Snow Model quantifies the proportion of precipitation in liq· 
uid and solid phases, snow and ice accumulation and ablation, and snow and ice 
melt. The snowfall fraction is computed by integrating the (cell-dependent) joint 
probability distribution function of TMAX and PREC. Snowmelt is computed from a 
degree day factor (Martinec 1975). The Surface Hydrology Model uses the LCM 
and Snow model results to compute evapotranspiration, the fraction of total avail
able water contributing to soil moisture, changes in storage, overland flow and 
actual runoff. Both of these models are based on conservation of mass. Hydrology 
parameters are specified for the modern situation and assumed to be unchanged 
for the last glacial solutions. 

The Lake Model (Singer 1985) uses change in temperature from the modern condi
tions to compute lake evaporation for the glacial period and determines the bal
ance of this with annual runoff and streamflow into the lake for that same time to 
compute lake volume, surface area, and depth. 

Results 

We summarize results for a series of variables that have been computed for two 
scenarios: modern (control run) and glacial. Results are presented in several 
forms: (1) images showing the spatial distribution of the variable; (2) barplots 
comparing the variables for the two scenarios; and (3) plots showing the ratios in 
variables for the two scenarios. Only a few representative graphics are presented 
here to illustrate the major findings. Images are shown only for the month of April, 
as that describes the status of the water system at the end of the (modern) snow 
year. 

TMAX (Figure 2) shows a clear relation to topography (compare to Figure 1) as is 
typical of this area and generally is less throughout the study area in the glacial 
scenario compared to the control. The decrease is greater in the mountains than in 
the lower elevations and this differential holds in all months. The difference in the 
annual spatial average of TMAX is - 3.2 oc and the greatest change ( - 6 °C) occurs 
in the winter months. The change in summer is very small ( - 1.5 °C) and in July 
there is a very slight increase (Figure 3). The spatial distribution of PREC also 
reflects the strong orographic control typical of the western US with most precipi
tation falling on the mountain crest. No strong seasonal distribution of PREC is 
indicated but PREC nearly doubles in the glacial scenario compared to the control 
(Figure 4). The change in PREC mostly reflects a large increase in snowfall which 
increases by a factor of 2 (July) to 3.5 (March). Rainfall actually decreases in win-
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ter (the decreased temperatures lead to more snowfall at the expense of rainfall), 
increases by a factor of two in July, and shows a clear seasonal cycle in the change. 

42° y AS 
cc<c ;,11\1!~1 42° 

4JO 4JO 

4()0 4()0 

39° ~-® m 39° 

38° 38° 

115° 114° 113° 112° 11r 115° 114° 113° 112° 11JO 

Figure 2 Spatial distribution of April TMAX CC) for the control run (left) and for the glacial 
(right) scenarios. Image legends are scaled identically to simplify comparison. 
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Figure 3 Seasonal patterns of spatial means of TMAX CC) for the control run and for the glacial. 
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Figure 4 Seasonal patterns of ratios of glacial to control: total precipitation, snowfall, and 
rainfall 

The increased snowfall together with lower temperatures leads to large increases 
in snowpack (not shown) and snowmelt (Figure 5). Glacial snowmelt exceeds con
trol snowmelt over the year by a factor of two (F igure 6). Much of this snowmelt 
goes to increased runoff (although ET, not shown, also increases) so that glacial 
runoff is increased by the same ratio. The surface area of the lake computed to be 
in equilibrium with the climate and hydrology of the glacial scenario is 25,000 
km 2 . 
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Figure 5 Seasonal patterns of spatial means of snowmelt (em) for the control run and for the 
glacial 
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Figure 6 Seasonal patterns of spatial means of runoff (em) for the control run and for the glacial 

Summary 

We summarize some of the important results for the two scenarios in Table 1. Here 
we emphasize the climatic variables that most affect the stability of the hydrologic 
system of Lake Bonneville. The decrease in temperature and increase in available 
moisture is in keeping with paleoclimatic evidence from this time period. All of 
these changes point toward a significant positive modification of the hydrologic 
regime of Lake Bonneville. 

Table 1 Summary of paleoclimatic inferences for the Bonneville basin from the two scenarios 

Variable Change Modern Glacial 

TMAX - 3.2 oc 15.1 oc - 6 oc November, max cooling 

Rainfall +1.1 X 0.97 em Decreased November through March 

Snowfall +3.0 X 0.83 em Greater in all months 

Peak snowmelt +3.8 X April (4 em) May (15 em) 

Runoff +2.7 X 0.32 em 0.85 em 
(peak April through May) (peak May through June) 

The comparison of our results with paleoclimate reconstructions based on the field 
evidences is shown in Table 2. Most of the paleoclimate reconstructions were 
made for individual geologic sites where the data for paleoclimate interpretations 
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were collected (Figure 7). Our results are annual means for the whole area of 
monthly grid -wise solutions and so direct comparison may be misleading. 

Table 2 Comparison of the modeling results with paleoclimate reconstructions 

Source 

Thompson and others 1997 

Mehringer 1985 

Lemons and others 1996 

Our results 

-6 oc 

Cooler 

- 13 oc 
- 3.2 oc 

115° 

/8 
·(J 
(j 8 

Temperature Precipitation 

x 2.5 to 3.0 

Moister 

+33% 

X 2.0 

113° 11r 

42 ° 

41 ° 

40 ° 

39 ° 

Figure 7 Localities of geologic sites where paleoclimate was estimated. Sources: • Thompson 
(1997); • Mehringer (1985); * Lemons (1996). The map area was compiled after Oviatt 
and Miller (1997). 

Thompson and others (1997) reported an increased abundance of subalp ine con i
fers and shrubs in the area of Lake Bonneville. From that they infer a climate sub
stantially cooler and wetter than that of today. Our results suggest that at least the 
area above 2,500 m would have been cool enough (more than 10 oc in the warm
est month and less than -3 oc in the coolest month) and wet enough (at least 3 
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mm precipitation in each month) to support subalp ine vegetation (Hidor and 
01 iver 1993). 

We compute increased snowpack in the glacial scenario compared to the modern 
and that snowpack is most extensive in the Wasatch mountains. Numerous 
authors (Benson and Thompson 1987; Antevs 1952) have noted the same phe· 
nomenon based on the field geologic evidence. 

We compute that total runoff in the Lake Bonneville drainage basin was greater, by 
a factor of two, in the glacial scenario. This result compares favorably with results 
for other areas in the western US (Smith and Street-Perrott 1983), although we do 
not know of direct estimates of runoff for the Wasatch. The large deltas that 
formed at the mouths of rivers discharging into Lake Bonnevi lle during the Late 
Quaternary (Morrison 1965) would seem to support the notion that discharge of 
those rivers, most of which drain from the Wasatch Mountains, was considerably 
higher than today. 

Our computed glacial lake surface area (25,000 km 2) corresponds to the Stans· 
bury stand of the Lake Bonneville. Oviatt and Miller (1997), and Currey (1990) 
indicate that Lake Bonneville reached this size at the Stansbury level during the 
Late Quaternary. 

We have shown that variables (boundary conditions for the LCM) derived from a 
GCM that is itself driven with global boundary conditions representing conditions 
during the time that Lake Bonneville was large can yield a loca l cli mate and hydrol 
ogy consistent with the presence of a larger lake. Such a connection between glo
bal processes (continental glaciation, reorientation of windfields, and lowered sea 
level and sea surface temperatures) and the local response of this major hydro
logic feature has been suggested in the literature (Antevs 1948; Benson and 
Thompson 1987), but the complete connection has not been previously demon
strated. 
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Introduction 

More water is exported from the Colorado River Basin than from any other river 
basin in the United States. The Colorado River supplies water to more than 25 mil· 
lion people living in seven states: Denver, Salt Lake City, Las Vegas, Phoenix, and 
Los Angeles. It supplies the extensive holdings of the federal government, as well 
as dozens of American Indian tribes and the Republic of Mexico. In addition, it 
generates electricity to supply the annual needs of three million people and irri
gates three and one-half million acres of farmland. In fact, about 80% of Colorado 
River water is used by agriculture (Water Education Foundation 1998). 

Rising in the Rocky Mountains northwest of Denver, the Colorado River drops more 
than 10,000 feet in elevation, into a 246,000 square mile area in the arid South
west comprising the Upper and Lower Colorado River basins, traveling in all some 
1,440 miles before reaching its natural outlet in the Gulf of California. The 
recorded annual average flow of the Colorado River and its tributaries is approxi
mately 15 million acre-feet per year (Water Education Foundation 1998). This 
water is fully apportioned; not surprisingly, most years the river never reaches its 
outlet in the Gulf of California. 

In fact, in recent years, the Lower Colorado River basin has been consuming close 
to or beyond its normal apportionment of 7.5 million acre-feet (maf) (Water Educa
tion Foundation 1998), increasing its vulnerability to the occurrence of a severe, 
sustained drought (SSD). Of even greater concern is the possibility that the Upper 
Colorado River basin, which supplies most of the water to the system, is vulnerable 
to a SSD. 

Such a drought, one of exceptionally long duration and large magnitude, has been 
found to have occurred in the Upper Colorado River basin (UCRB). This drought 
was identified through reconstructions of streamflow at Lee's Ferry, the dividing 
point between the upper and lower basins, and was based on tree ring records (as 
proxy indicators) from the runoff producing mountainous areas of the Upper Basin 
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(Stockton and Jacoby 1976). This drought as reconstructed occurred in the late 
1500s and lasted approximately 20 years, during which time the mean annual flow 
is estimated to have dropped to 10.95 mat, a drop of approximately 20% when 
compared to the long term reconstructed mean of the 13.5 mat estimated by 
Stockton and Jacoby in 1976. These figures are yet more disturbing if we consider 
that the Colorado River Compact, signed in 1922, originally overestimated the 
annual average flow, basing its water allocations on the availability of 16.4 mat per 
year (MacDonnell and others 1995). 

Michaelson and others (1990) also reconstructed the Lee's Ferry record from tree 
rings. Their results, when compared to those of the Stockton and Jacoby (1976) 
reconstruction, are different in drought history, but as in Stockton and Jacoby 
(1976), results from Michaelson and others (1990) also show evidence of a SSD in 
the late 16th century. The reconstruction by Michaelson and others (1990) starts 
very close to the beginning year of the drought; this starting date may not give 
chronologies with sufficient sample depth (number of cores) for the period of the 
drought. The present study, therefore, uses the original Stockton and Jacoby 
reconstructed records, a decision reinforced by the statistical justification of Tar
baton ( 1994, 1995). 

Over 75 years ago, the Colorado River Compact was signed and its waters divided 
among the states according to a series of documents known as the "Law of the 
River." For the southwestern US, the Law of the River reflects the inherent complex
ity of managing a diverse source of economic and social interests whose source is 
the Colorado River (Figure 1). For th is reason , making changes in the Law of the 
River is very difficult and attempts to make changes have been a source of political 
and legal conflicts among the states fo r many years. These conflicts have resulted 
in the Colorado River being one of the most heavily regulated and manipulated r iv
ers in the world (Kenney 1995). 

Since the signing of the Colorado River Compact, several researchers have 
regarded the drought identified in the late 1500s (based on the 1976 Stockton 
and Jacoby study) to be sufficiently accurate to justify a change in the Law of the 
River (Tarboton 1995). Other researchers have proposed options for water alloca
tion in the event of a SSD (Henderson and Lord 1995; Sangoyomi and Harding 
1995; Lord and others 1995; Booker 1995). 

Any changes in the Law of the River should be considered only after new research 
studies justify such changes. These studies should be designed to address specifi
cally the identif ication and characteristics of severe sustained droughts in the 
Upper Colorado River basin. 
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Figure 1 Principle components of "The Law of the River" 

Accordingly, we hope to use new data and analytic techniques to refine the tree 
ring record of the SSD in the late 1500s. 

Research Approach 

This paper is the preliminary step of a study intended to improve the accuracy of 
previous streamflow reconstructions based on tree ring analysis in the Upper Colo
rado River Basin. The study will focus on identifying streamflow characteristics 
during the 20- to 30-year period in the late 1500s, identified as a SSD through the 
Stockton and Jacoby record (1976). 

To improve the accuracy of natural flow reconstruction in the Colorado River, we 
will investigate the possibility of updating the Stockton and Jacoby (1976) data by 
incorporating 30 years of additional climatic and hydrological data as well as 
recent tree ring chronologies that are available. In addition, new tree ring sites may 
be sampled and new data processing and reconstruction techniques included. 

New Data Available and New Sampling 

The flow data set that has been generally used for previous reconstructions of 
streamflow in the Upper Colorado River basin is the Lee's Ferry record, measured 
at the legal dividing point between the Upper and the Lower Colorado River basins, 
immediately downstream of Glen Canyon Dam. 

23 



1998 PACLIM Conference Proceedings 

Unimpaired flow data for Lee's Ferry record (LFR) is available from 1896 to 1963. 
However, from 1896 to 1913, the LFR was extrapolated from other basins sur
rounding the area, making it less reliable. From 1914 to 1921, the LFR was gener
ated from the Colorado River's three main tributaries: the Green, the Upper 
Colorado, and the San Juan rivers; the data are assumed to be accurate enough for 
hydrological studies. Starting in June 1921, reference stakes and staff gages were 
used to reference the flow to the actual gaging site, which began recording directly 
in 1923 (Stockton and Jacoby 1976). 

Glen Canyon Dam was completed in 1963, seriously impairing the natural flow of 
the river and discouraging Stockton and Jacoby from continuing their record keep
ing. We obtained, therefore, a natural (unimpaired) flow record for Lee's Ferry from 
the US Bureau of Reclamation (Bureau) (1994) covering the years 1905 to 1990. 
The gaged record for the years following 1963 was adjusted by the Bureau to 
account for upstream consumption and other losses, especially from diversions 
and evaporation from Lake Powell (Figure 2). 

Preliminary statistical analyses on the Bureau record show significant differences 
in the autocorrelation structure, variance, and flood frequency in the Colorado 
River flow after 1970 (Figure 3). Part of the differences in flow characteristics may 
be attributed to a systematic error in the estimation of the flow adjustment due to 
consumption upstream of Lee's Ferry. It is apparent, however, that another part of 
these differences has the characteristics of a real climate shift that occurred 
around the year 1976, a shift identified by other researchers who examined more 
than 40 geophysical variables affecting the climate of the Pacific (Ebbesmeyer and 
others 1991; Francis 1994; Graham 1994; Miller 1994). Further analyses of the 
Bureau's record may provide more insights about the validity of our interpretation. 

If the post-1963 data can extend the calibration period by 27 years, we will be 
able to use recent tree ring chronologies to calibrate the reconstruction model and 
thus capture a more accurate picture of the climatic variability in the UCRB. 

The tree ring chronologies for calibrating our new reconstruction model were 
obtained from the NOAA Paleoclimate Data Bank (1997). The data set includes 18 
of the 30 sites used in 1976 by Stockton and Jacoby in the original reconstruction 
at Lee's Ferry. See Table 1 for characteristics of these chronologies and Figure 4 
for the location of tree ring sites. 
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Table 1 Characteristics of 87 standardized tree ring chronologies in the Upper Colorado River 
Basin. * Ind icates stations in the original Jacoby and Stockton (1976) reconstruction. 

l IILl __lW!E 
1 ITC599 ITALIAN CANYON 
2 I SLSTD ISLAND LAKE STANDARD 
3 MAM519 MAMMOTH CREEK 

GO L519 MT GOLIATH 
HER519 HERMIT LAKE 
WIN519 WINDY RIDGE 
WHR519 WILD HORSE RIDGE 
SFP519 SAN FRANCISCO PEAKS 
SHEIND Sheep Mountain INDEX 

10 151000 BETATAKIN CANYON 

11 112549 • EAGLE 
12 433099 TSEGI POINT ROAD 
ll NIL599 NIVK>T RIDGE 
14 640106 SCHULMAN OLD TREE N 1, MESA VERDE 
15 123000 KANE SPRING 
16 461103 NAVAJO NATIONAL MONUMENT 
17 RCL599 RAINBOW CURVE 
18 246620 HARD ROCK 
19 123549 * NINE MILE CANYON (HIGH), UTAH 
20 141000 WHITE CANYON 
21 18 3000 SHONTO PLATEAU 
22 47362 9 DOLORES 
2 3 2 8 3000 FORT WINGATE 
24 130649 WATER CANYON , BRYCE CYN NATL PARK 

25 091000 CANYON DE CHELLY 
26 7 5854W SPRUCE CANYON 080417 
27 133099 * NAVAJO MOUNTAIN 
28 552590 GROS VENTRE + UHL HILL 

29 MB4INO Medicine Bows 4 INDEX 
30 423000 MILK RANCH POINT 
31 120549 SALIDA 
32 113629 * EAGLE EAST ( JOB 105 REVK>RKED) 
33 273000 TURKEY SPRINGS 
34 2 77550 * UNITA MOUNTAIN A 
35 951000 DEAD JUNIPER WASH 
36 096510 MT. EVANS 
37 JC0649 JEFFERSON COUNTY 
38 285620 * LA SAL MOUNTAINS-SITE A 

39 318599 UHL HILL 
40 ED0549 ELDORADO CANYON 

41 171000 ECHO AMPHITHEATER 
4 2 ELR649 ELEPHANT ROCK 

43 283590 * WINO RIVER MOUNTAINS-SITE 0 

44 158540 DEFIANCE WEST ( DEFIANCE/ NAZLINI) 
45 WCP549 WALNUT CANYON 

46 091519 JICARITA PEAK 
47 FEN649 FENTON LAKE 
48 RI0649 RIO PUEBLO 

49 HIDDEN Hidden Peak wasatch Mtn. 
50 316597 GROS VENTRE, WYOMING 

51 113000 DINNEBITO WASH 
52 101099 TSEH-YA- KIN CANYON 
53 159640 DEFIANCE EAST (FT. DEFIANCE) 
54 061099 * BOBCAT CANYON 

55 115549 * CHICAGO CREEK 
56 426549 WAGON WHEEL GAP 
57 012000 DITCH CANYON 
58 161000 SATAN PASS 
59 292099 EL MORRO 
60 280620 • 
61 503649 
62 108549 
63 617629 

UINTA MTNS I SITE D I UTAH 

PEDRO MTNS A + ALCOVA A + SEMINOE 
LARAMIE, SITE A (WOODS CREEK) 

PARIA PLATEAU 

64 KBE639 KAIBAB PLATEAU 
65 SNOWBO snow Bowl san. Fr. Peak 

66 472540 DOLORES 
67 5 33000 OWL CANYON 
68 117549 * BLACK CANYON OF THE GUNNISON RIVER 

69 TI0559 TIMBERLINE PASS 

70 092519 REO DOME 
71 642649 LOS ALAMOS 
72 105599 PEDRO MTNS, SITE B (PRAIRIE) 
73 051549 ELBOW CAMPGROUND, JACKSON 
74 MEDICI Medicine Bow Peak 

75 182649 WALNUT CANYON NATIONAL MONUMENT 
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Figure 4 Upper Colorado River basin showing tree ring sites and yield contours (ft/yr) 

The reconstruction by Stockton and Jacoby included some chronologies for the 
late 1500s with a small sample depth. An adequate sample depth is defined as 
one that will guarantee a small chronology error and can be measured using the 
signal-to-noise ratio (Cook and Kairiuskstis 1990; Fritts 1991). Fritts (1991) also 
discusses the sensitivity of the chronology error in relation to this sample depth, 
which is the number of cores that form a chronology. Figure 5 summarizes the 
sensitivity of this relationship. Any study that focuses on the flow characteristics in 
the UCRB during the late 1500s should include an adequate sample depth for all 
the chronologies used in reconstructing flow during those latter decades. 

In addition, new tree ring data should be sampled in those sites where a good cli
matic signal is expected and where recent chronologies are not avai I able. These 
areas correspond to high yield areas in northeastern Utah and southeastern Wyo
ming, which produce most of the water for the Green River subbasin and contrib
ute 35% to the total flow at Lee's Ferry, as well as the San Juan River subbasin 
located in the Four Corners area, which contributes approximately 16% of the total 
flow at Lee's Ferry (Stockton and Jacoby 1976) (see Figure 4 ). 
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Figure 5 Average number of cores and the estimated average error of 65 standardized 
chronologies plotted as a function of the year in which the rings were formed. Where e. 
chronology error, vt: variance in common up to year t, and N: number of cores that 
composes a chronology. From Fritts (1991). 

New Data Processing and Reconstruction Techniques 

Since the original Stockton and Jacoby (1976) study was done, reconstruction pro
cedures have greatly improved. New procedures for detrending raw measurements 
are available for correcting ring width series in trees with special growth character
istics (Cook and Peters 1981; Cook and Peters 1997). Adjustments and filters to 
stabilize the variance and reduce the influence of non-climatic information are now 
part of dendrochronology studies (Meko and others 1993). 

Dendrohydrological reconstructions have traditionally been done using measure
ments of tree ring widths. However, the density of late wood has also been shown 
to be sensitive to climatic variations (Schweingruber 1996). Wood density is mea
sured using X-rays and can provide an additional record of droughts. New ring 
samples should be collected at a number of sites in the basin in order produce a 
reconstruction of the Upper Colorado River flow using tree ring density records. 

Principal Components Analysis (PCA), the technique that has been used most 
extensively for reconstructing past climatic variability, regresses the components 
derived from tree ring chronologies onto the climatic variable (in other words, 
streamflow). This technique has always allowed several procedural choices that 
may result in very different reconstructions (Figure 6). But today, researchers are 
more aware of the need for proper validation procedures and for statistics that 
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Figure 6 Possible different models obtained by changing options in reconstructions regressing 
principal components of tree rings onto the climatic variable 

The coefficient of determination (R2) and the standard error of the mean (S x ) may 
not be sufficient conditions to optimize the select ion of the model that most accu 
rately predicts cli matic variab ility. Independent testing or cross validation may be 
a better way to identify the model that best represents the physical processes 
(Jackson and Chan 1980; Wu 1986; Das Peddada and Patwardhan 1992; Garren 
1992), and this involves using the minimum number of variables (a parsimonious 
model ) that reduces the influence of unrelated noise. 

Because of the relatively high autocorrelation in tree ring chronologies, even after 
detrending, and to account for the bio logical carryover effects from year to year, it 
is common pract ice to include lagged chronologies in the reconstruction model. 
Including too many variables, however, may result in "overfitting" the model, mak
ing it able to predict even the smallest variations in the observed data , but with a 
low predict ive skill for unobserved cases (Jackson and Chan 1980). Cross valida 
tion can be a way to overcome this "overfitt ing" problem and to improve the accu 
racy of the model. Meko (1997) proposes using cross validation techniques to 
calibrate the model , but suggests using individual trees instead of site chronolo
gies. 

An alternative solution to lagging the ser ies is to "prewh iten " them , using low order 
autoregressive (AR) models that ampl ify the contemporaneous signal (Meko and 
others 1993), but not all chronologies are simple enough to serve as AR models . 
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Finally, Young (1994) gives procedures for measuring the skill from streamflow 
reconstructions using tree rings. Errors in streamflow drought statistics recon 
structed from tree ring data have been studied by Brockway and Bradley (1995), 
who propose methods to measure these errors. 

Conclusions 

The validity of the drought in the Colorado River Basin in the late 1500s has to be 
confirmed by a specific paleoclimatic study designed to investigate this period. 
This study should include all the new streamflow and tree ring data and should 
employ techniques not available in previous reconstructions. A new study should 
also include any confirming proxy data from fields outside dendrochronology, such 
as archaeology, paleontology, sedimentology, and paleolimnology. 

Significant improvements in the reconstructions of the UCRB can be obtained from 
new data and techniques presently available to the researchers. These improve
ments can be summarized as the possibility of using new climatic and tree ring 
data, the availability of new procedures for detrending tree ring width measure
ments, the use of wood density records as an alternative to ring width measure
ments, and the use of analytical procedures for "prewhitening" and stabilizing 
variance from tree ring chronologies. Additionally, reconstruct ion techniques can 
be refined by proper validation procedures designed to select the model with the 
best predictive skill. Recent techniques allow us to measure this predictive skill, 
the accuracy of both the resulting flow estimation, and the drought parameters 
derived from the reconstructed flow. 
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Antiphase Interhemispheric Climate Trends, and 

Globally Synchronous Secondary Cycles 
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4811 SW Brace Point Drive 
Seattle, WA 98136 

Abstract 

Additional time series, analyzed since the publication of my last paper (Karlstrom 
1997), continue to support the Solar Insolation/ Tidal Resonance Climate Model by 
recording latitudinal variability for longer-term climate trends, but globally-synchro
nous, shorter-term trends . 

Introduction 

Evaluation of marine and terrestrial climate records (Karlstrom 1955, 1956, 1961) 
suggested support for the Milankovitch Climate Model. The probable distinction 
between the 20,000-year precessional insolation controls of lower latitudes and 
the 40,000-year obliquity insolation controls, operating synchronously in both 
polar regions, was emphasized. In addition, the highest resolution records then 
available suggested a harmonic series of smaller cycles (those with wavelengths of 
several thousands and fewer years). However, because of numerous geographic 
gaps (mainly in the Southern Hemisphere) and extant dating uncertainties, better 
geographic coverage and many more well-dated records were required to empiri
cally validate and refine these conclusions. 

Subsequent Work 

Since then, hundreds of dated climate time series have been published in the 
international literature. Based largely on marine chronostratigraphy, most geolo
gists by the 1970s had accepted the Milankovitch Climate Model and , along with 
this, the concept of inter hemispheric synchrony modulated solely by the obliquity
dominated, 60°N-65°N latitude solar insolation (Hays and others 1976; Martinson 
and others 1987). Also by the 1970s, most researchers were correlat ing their ter
restrial records with the "standard" marine record (Figure 1) on the assumption of 
global synchrony. Some, however, also produced high -resolution glacial chronolo
gies that correlate surprisingly well with dated sea level records (Richmond 1976; 
Terasmae and Dreimanis 1976) and with the precessionally-dominated, 45°N lati
tude insolation curve of the Milankovitch Model (Figure 2). 
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Since the early 1960s, I have analyzed scores of high-resolution proxy climate 
records dated by history, tree rings , varves, archaeology, radiocarbon, Th/U, and 
K/ A (Karl strom 1966, 1975, 1976, 1988, 1995, 1996, 1997, 1998; Hevly and 
Karlstrom 1974; Euler and others 1979). These records collectively support ele
ments of both latitudinal variability (Figure 3) and high-frequency global synchrony 
(Figures 7, 12, 14, and 17). 

Additional Supporting Records 

This paper presents additional supporting records analyzed since my last paper 
(Figures 4-12, 15, 16, and 20), along with examples of previously published 
records to clarify cyclical context and regional correlations (Figures 1- 3, 13, 14, 
7- 19, and 21- 23) . 

Long-term Climate Trends and Interhemispheric Correlations 

Figures 4 through 9 provide examples of Northern Hemisphere climate records 
whose primary trends most closely parallel those of local insolation that varies lat
itudinally because of changing precessional components. 

By contrast, Figures 11 and 12 exemplify Southern Hemisphere records that most 
closely parallel local precessional insolation curves which trend 180 degrees out of 
phase with their Northern Hemisphere counterparts. Temporal displacement of 
summer solar insolation peaks and troughs across the equator is approx imately 
10,000 years, or sufficiently large so that correlative antiphasing climatic trends 
should be distinguishable by using more accurate, current dating procedures. 

Northwest Paleoclimatic Records: the Cook Inlet Glacial Chronology and 
Correlates 

Figures 13 through 17 provide pollen and organic-content records from Alaska and 
the Yukon Territory, Canada. These records essentially confirm the cyclical ele
ments first inferred from glacial and bog chronostratigraphy in the Cook Inlet 
region of Alaska and as fortified by corroborative evidence from other parts of the 
Northern Hemisphere (see Figure 18). 

Tree Ring Records, Higher Frequency Cycles, and Regional Patterns 

Figures 19 and 20 show tree ring records that represent the most accurately dated 
proxy climate time series, however, they also vary appreciably in the amount of cli 
matic information they contain (<50% to >90%). Numerous Southwest records 
from New Mexico to Cal ifornia define by half-cycle smoothing a robust 139-year 
Event Cycle (see Figure 19). This Event Cycle is one-half of the Subphase Cycle 
(278 years) , as defined by tidal bog chronostratigraphy (see Figure 13), tree rings 
(see Figure 20), historical record (see Figure 21), marine record (see Figure 22), as 
well as by statistical analyses of basal-contact (Point Boundary) dates (see Figures 
13and 19). 
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The widespread occurrence of the Event Cycle suggests that it probably reflects 
the regional dynamics of Southwest atmospheric circulation patterns. Thus, simi
lar analyses of tree ring records in other regions may provide similar or differing 
patterns that may enhance understanding of overall circulation or differing bio· 
logic responses. 

To test this possibility, I have extended analyses to the longest of the tree ring 
records defined by numerical indices in Schulman (1956). Localities of these 
records range from Canada to the Southwest and from western to midwestern 
states. The resulting half.cycle patterns vary appreciably, but more than half show 
strong tendencies to phase with subharmon ic elements of the Solar Insolation/ 
Tidal Resonance Climate Model (see Figure 20). 

Whereas two records taken east of the southern Rocky Mountains phase strongly 
with the 139-year Event Cycle (or similar to the pattern defined west of the South· 
ern Rocky Mountains), several of the records from more northern localities oscil · 
late in phase with its half cycle of 69.5 years, the Subevent Cycle. 

By timing and duration, the Subevent Cycle is the same as the 70-year cycle 
recorded in global temperatures (Schlesinger and Ramankutty 1994) and as 
extended back into the mid-Holocene by correlation with the dated beach 
sequence of northern Lake Michigan (Delcourt and others 1996). The northerly 
distribution of this pattern suggests that it relates to jet stream displacements and 
resulting dynamics of southward penetrating Arctic and Polar air masses. 

Tidal/Sunspot/ Climate Correlation 

Finally, Figure 23 provides the strongest empirical evidence to date for an interre
lated tidal and solar modulator of terrestrial climate. Solar process is apparently 
related to both tidal process and climate by common phasing with the 3/1 (46.33 
year) resonance of the Event Cycle and its double, the Gleissberg Cycle (92.67 
years). 

Summary 

Additional time series presented in this paper continue to support the Solar Inso
lation/Tidal Resonance Climate Model and suggest explanations for both climate 
variability and climate synchrony of cycles ranging in wavelengths from tens of 
thousands of years to decades. According to the model, there has been a natural 
cyclical trend toward increasing temperatures since the 1850s (see Figure 23). 
Such a natural trend has not been considered by meteorological programmers 
who have assumed instead that the instrumentally recorded temperature rise 
since the industrial revolution results solely from man's own progressive C02 con -
tamination of the atmosphere. Thus, it is not clear how much of the recent "global 
warming" is man's doing or the product of natural climatic process. Unless this 
question is quantitatively resolved, simple projections of current short-term C02 
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trends into the future remain uncertain. Because of variability in recurrences (two 
to seven years) , it is also unclear how the El Nino seasonal (winter) phenomenon 
relates to the long-term climatic trends discussed above (see also Karlstrom 
1996). 

Cook Inlet Glacial Chronology (Karl strom 1961) 

Mount Susitna Eklutna Knik 
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Figure 1 Two "standard" marine ice age chronologies on time scale of the obliquity insolation 
cycle (40,000-year) and its 2/1 (20,000-year) resonance assuming a response lag of 
about 4,500 years (Karlstrom 1961). Isotope indices of an equatorial Pacific Ocean 
core from Chuey and others (1987); the equatorial Atlantic record from Martinson and 
others (1987). Both chronologies are fine-tuned to the Milankovitch 60°N lat climatic 
model assuming corresponding response lags. The two records differ mainly in (1) out
of-phase relations about 225,000 years BP and (2) relative glacial amplitudes of the 
last 125,000 years. These differences suggest either heterogenieties in the global 
record or remaining difficulties with dating procedures and sample mixing. Note the 
tendency for near in-phase oscillations with the obliquity 2/1 (about 20,000 year) 
resonance. Most Quarternary researchers continue to correlate terrestrial 
paleoclimatic records with Martinson and others isotope record on the assumption that 
it provides a global climatic signal. Scores of terrestrial records in this and previous 
papers appear to contradict this assumption and to support the solar insolation/tidal 
resonance model, which requires opposing longer-term climatic trends in the two 
hemispheres, but globally synchronous secondary climatic oscillations. From Figure 28 
in Karlstrom (1995). 
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Figure 2 Correlation of highest resolution Northern and Southern Hemisphere glacial records 
with marine chronostratigraphy (glaceoeustatic sea levels), with antiphasing 
hemispheric precessional trends and with displacement of caloric equator and its 
associated intertropical convergence zone. Richmond (1976) and Terasmae and 
Dreimanis (1976) see a remarkable coincidence between their glacial 
chronostratigraphies and those of the dated sea level records. This supports the 
concept of glaceoeustasy, but not necessarily that of interhemispheric climatic 
synchrony. This is so because the much greater volume of glacial ice in the Northern 
Hemisphere can mask opposing melt-water trends in the interconnected oceans of the 
Southern Hemisphere (Karlstrom 1966). Because of remaining dating uncertainties, 
Clapperton and others (1995) do not attempt specific correlation of their Southern 
Hemisphere glacial events with those of the Northern Hemisphere. However, their B/C 
and 0/E glacial complexes, as broadly dated between 45,000 and 25,000 years, and 
the present, most closely align with the local Southern Hemisphere precessional 
trends, which , as shown above, are displaced 10,000 years from their Northern 
Hemispheric precessional counterparts and their correlative continental-glacial and 
global glaceoeustatic events. Insolation curves after Milankovitch (1941); his 
calculations are essentially confirmed by von Woerkom (1953), Verneker (1972) and 
Berger (1981). Alternate north-south displacement of the caloric equator and reversing 
insolation gradients may serve to force or facilitate modulation of changing summer 
circulation patterns in the two hemispheres. In this regard, note the parallelism of the 
equatorial lake-level record with calculated oscillations of the caloric equator. Also 
note the apparent absence in the lower Southern Hemisphere of the classic Northern 
Hemisphere's "Little Ice Age" (Alaskan glaciation) due to antiphasing precessional 
trends across the equator (also see Figure 13 in Karlstrom 1998). 
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Figure 3 Latitudinal control of terrestrial climate records. These dated records seemingly 
parallel more closely the local latitudinal insolation trends than the dated records at 
other latitudes. If these climate records are representative of their respective 
latitudinal belts , the conventional concept of interhemispheric climatic synchrony 
dominated by high latitude Northern Hem isphere insolation must be reassessed as a 
basis for Ice Age correlations and global paleoclimatic reconstructions (Karlstrom 
1961). Other records discussed in Karlstrom (1997) (Figures 8, 9, 10, 11, 12, 14, 15, 
16, and 24) substantially strengthen the case for latitudinal insolation controls and for 
the opposite phasing of longer-term climatic trends across the equator. Modified from 
Figure 29 in Karlstrom (1995) and Figure 24 in Karlstrom (1997). 
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Sierra Nevada Glaciations: Cl36-dated moraines 
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Figure 4 Owens Lake stable isotope record on time scale of the 6,672-year cycle, and correlation 
with local precessional insolation. Owens Lake indices, climatic interpretation and 
designation of closed lake (C1) and glacial (G1) events from Bischoff and others 
(1997); C1-36 dated morains from Phillips and others (1996); summer solar insolation 
indices from Vernekar (1972). Bischoff and others (1997) note the divergence of the 
oldest part of their lake record from the Devil's Hole isotope record (Winograd and 
others 1992) and suggest that this may result either from the use of different proxies or 
from dating errors in the early part of their own record. Adjustments to match the 
Devil's Hole record (see Figure 3) essentially provide a one-to-one match of lower lake
level phases with precessional maxima as shown above. 
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Water table fluctuations in Brown's Room, Devil's Hole, NV (lat 36°30'N) and correlation 
with local precessional trends. T /U series-dated indices from Figure 5 of Szabo and 
others (1995). The record extends the higher resolution record of Winograd and others 
(1992) from 50,000 year BP to the present by evidently completing the one-to-one 
correlation with local precessional trends, in this case, of higher water tables with 
precessional minima 9 and 10. The results are consistent with those of Sturchio and 
others (1994) (see Figure 3). 
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Radiocarbon and T /U series-dated pollen record from Banyoles Lake, Spain (I at 42°N) 
on time scale of the 3,336-year substage cycle. Pollen indices replotted at 500-year 
intervals from Figure 4 in Perez-Obiol and Julia (1994). The authors recognize the 
Balling and an unnamed interstadial about 28,000 BP, but not the other secondary 
trends towards warming which appear to also phase strongly with the 3,336-year 
substage cycle. The primary trends of the record , consistent with its latitudinal 
location, most strongly parallel (with a requisite lag) that of middle northern latitude 
solar insolation (see Figure 3). 
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Figure 7 Speleothem stable isotope record of Soreq Cave, Israel (lat 32°N) on time scale of the 
3,336-year substage cycle with correlations to local lake-level changes and 
precessional insolation. 18/0 indices from Bar-Matthews and others (1997); lake-level 
indices of the Dead Sea and its precursor Lisan Lake after Begin and others (1985) and 
Frumkin and others (1991); and solar insolation indices from Vernekar (1972). Note: 
(1) the apparent, quick response of the isotopic composition of meteoric water to the 
local precessional insolation controls and (2) the strong tendency of the isotope record , 
but not the lower resolution lake record, to phase with the substage cycle. Based on 
several years of readings of annual rainfall and isotopic composition , Bar-Matthews 
and others (1997) assume that the apparent negative correlation applies to the past as 
well. They, thus , interpret their record to indicate cold and dry conditions during the 
last major glaciation (and associated higher lake levels) vs. warmer and wetter with 
associated lower lakes during the Holocene. 
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Figure 8 Lacustral diatom record near Mexico City (lat 19°N) and local precessional trends on 
the time scale of the 3,336-year substage cycle and its 3/1 (1,112-year) stadia! 
resonance. Diatom water chemistry and habitat preference indices from Caballero and 
Guerrero (1998) replotted at 500-year intervals; precessional indices from Verneker 
(1972). Deeper and fresher water indicators are summed in upper curve; shallower and 
saltier indicators are summed and inverted in the lower curve to satisfy the indicated 
paleoclimatic equation and correlation with the local precessional insolation trends. 

Primary trends by sth_order polynomial. Note: (1) the striking parallelism of the 
stacked lake record's primary trends (with an appropriate cause-and-effect lag) to the 
local precessional insolation trends and with inferred lower lakes coinciding with 
insolation maxima and (2) the tendency of the secondary oscillations to phase with the 
substage cycle. Though this tendency of the record as dated is weak, the correlation can 
be greatly improved by minor fine-tuning that is within dating uncertainties resulting 
from sigma errors and the assumption of uniform depositional rates between dated 
horizons. 
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Pollen, inferred temperature, and dated glacial records from La Laguna, Columbia (lat 
5°N) on time scale of the 3,336-year substage cycle. Dated indices from Helmens and 
others (1996). Pollen from their Figure 2 replotted at 10-cm intervals, assuming 
uniform depositional rates between dated horizons. Their inferred temperature curve 
from Figure 5 as replotted at 500-year intervals. Note the lagged parallelism with the 
local precessional trends and the strong tendency of the temperature record to phase 
with the substage cycle. The evidence for the Bolling-AIIerod warmer interval and for 
their La Laguna interstade is indicated but not the equally pronounced warmer 
intervals (also labelled above as interstades) that associate with other turning points of 
the substage cycle. The about 15,500-year BP interstade, though not clearly recorded 
in the pollen record, is more directly defined by doted buried soils in 
morphostratigraphic sections. 
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Figure 10 Correlation of equatorial lake record (I at 1 °11'N) with precessional solar insolation 
positioned on time scale of the 3,336-year substage cycle. Note the strikingly 
appropriate lagged parallelism with the local precessional insolation trends and the 
correlation of glaciations with precessional minima. As shown in Figure 2, the same 
parallelism exists between this record and the oscillations of the caloric equator as 
calculated by Milankovitch (1941), suggesting that such caloric displacements 
modulated equatorial climate (Karlstrom 1998). 
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Figure 11 South American pollen records and local precessional solar insolation on time scale of the 3,336-year 
substage cycle. Catas Alta is pollen indices from Berling and Lichte (1997) replotted at 1 ,000-year intervals 
from their Figure 38. Schemata of nearby Salitre record as defined by Ledru and others (1996); that of the 
Pampas record in Argentina as interpreted by Prieto (1996). Prieto suggests that the wetter pampas 
conditions between 10,500 and 5,000 years BP reflects decreased continentality resulting from higher sea 
levels or from a poleward shift of the Atlantic convergence zone. Behling and Lichte interpret the Catas 
Alta is pollen as indicating drier as well as colder conditions between 40,000 and 27,000 years BP on the 
premise that the general absence of trees at these upper elevations must reflect drier conditions during the 
last major glaciation as this is defined by the Northern Hemisphere ice sheets and by the standard marine 
record (see Figure 1). They also note their differences with colleagues who interpret other regional pollen 
records to indicate wetter as well as cooler intervals in the same time frame. As shown above, those 
intervals that have been defined as wet as well as cold provide patterns that most closely parallels the 
summer solar insolation trends, which are 180• out-of-phase with their North American counterparts (see 
Figures 2 and 3). Most recently Ledru and others (1998) reevaluate South American pollen lake records and 
conclude that because of dessication and inconformities in all seven records between 18,000 and 20,000 
years BP there is no stratigraphic evidence of the last major glaciation as defined and dated in the Northern 
Hemisphere. 
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Figure 12 Correlation of Southern Hemisphere records with solar insolation on time scale of 3,336-year substage cycle 
and its 3/1 (1 ,112-year) stadia I cycle. Lake Victoria pollen indices and hydrologic interpretation from 
Kendall (1969) (also see Figure 11 in Karlstrom 1995). Andean lake record in percent biologic production 
from Abbott and others (1997). Th/U-dated, New Zealand stable isotope record from Hellstrom and others 
(1998). Note: (1) parallelism with local precessional insolation and progressive shifting toward obliquity 
trends with increasingly higher latitudes and (2) the weak-to-strong tendencies of these records to phase 
with turning points of the substage and stadia! cycles or synchronous counterparts north of the equator. 
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Figure 13 Bioclimatic record of Homer Bog, Cook Inlet, Alaska, on time scale of the 1,112-year 
stadial cycle and its 2/1 (556-year) phase resonance and 4/1 (278-year) subphase 
resonance. Pollen indices from Heuser (1965) time calibrated by basal date listed in 
Karlstrom (1964). The higher frequency in Girdwood Bog record is schematically 
plotted as interpreted climatically in Karlstrom (1961). Because of lesser sensitivity 
and wider sampling intervals, Homer Bog shows the strongest tendency to oscillate in 
phase with the 556-year phase cycle and positions the driest postglacial interval 
contemporaneous with that of the Southwest altithermal (AC) and in the late Atlantic 
of northern Europe (see Figure 18). Figure modified from Figure 18 in Karlstrom 
(1995). Note the strong correlation between the inferred dry troughs of this pollen 
record and the subdivision boundaries of the Cook Inlet glacial chronology estimated 
to mark the approximate timing of retreat culminations between glacial advances. 
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Figure 14 Bioclimatic record of Sithylemankat Lake, northern Alaska, (lat 66°N) on time scale of 
the 1,112-year stadial cycle and its 2/1 (556-year) phase resonance. Radiocarbon
dated indices from Anderson and others (1990). This high latitude record seemingly 
replicates middle latitudes Northern Hemisphere records in placing the warmest and 
driest postglacial interval between 5,000 and 6,000 years BP. This result, however, 
does not agree with what appears to be a developing palynological consensus that the 
warmest postglacial interval in Alaska is marked by the populus maximum about 
10,000 years BP. The lake record also suggests a strong tendency to phase with both 
the stadial and substage cycles derived from moraine and bog stratigraphy in the more 
southerly Cook Inlet region of Alaska. 
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Figure 15 Bioclimatic record of Farewell Lake, Alaska, (lat 62°N) on time scale of the 1,112-year 
stadia! cycle. Three-point smoothed pollen indices from Hu and others (1996) 
replotted at 250-year intervals. The record is reconstructed by the same procedures 
used in interpreting the other pollen records showing the transition from tundra to 
forests during the glacial-postglacial transition to warming (see Figures 14 and 18). 
Based on the correlation between glacier size and proximity to precipitation sources 
(Karlstrom 1961), I continue to assume that postglacial retreat was also facilitated by 
diminishing precipitation (less snowfall above rising snow lines), thus, the 
paleoclimatic equation shown on this and previous figures. Hu and others, however, 
conclude from associated chemical components that the Betula shrub tundra with 
Populus at the beginning of the record was colder and drier than the later forest-tundra 
types which reflect warmer and wetter conditions. They also note that this 
interpretation is not corroborated by concentrations of carbonate interpreted by other 
researchers to reflect reversed lake-level and climatic relations. Also note: (1) that 
their inferred early postglacial warm period occurs during a series of recessional 
glacial advances of Skilak and Tanya age in the nearby Cook Inlet region; (2) that their 
pollen record as reconstructed above suggests the warmest and driest postglacial 
interval about 3500 years BP rather than earlier, as suggested by many western North 
American records (for examples, Figures 14 and 18); (3) that this discrepancy may 
result from lack of separate graphs for white and black spruce, whose temporal 
distribution is interpreted by Hu and others as suggesting cooler and wetter climate 
after 6000 years BP; and (4) the fairly strong tendency for the secondary warming 
trends to phase with the stadia! cycle as defined in the Cook Inlet glacial chronology 
(Karlstrom 1961, 1964). 
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Figure 16 Bioclimatic record of Pleasant Island, southeastern Alaska, (lat 58°N) on time scales 
of the 1,112-year stadial cycle. Organic carbon indices from Figure 14 in Hanson and 
Engstrom (1996) replotted at 500-year intervals. Interpreted in the sense of lesser 
organic production during colder and deeper lake phases and greater production 
during shallower and warmer phases provides a strikingly parallel record to that of the 
glacial history constructed for the nearby Cook Inlet region to the north from moraine, 
bog, and lake chronostratigraphy (Karlstrom 1961, 1964). Note: (1) the strong phasing 
with the substage cycle, but the much weaker phasing with the stadial cycle, probably 
due to differing regional climates, response functions, or levels of smoothing; (2) 
general parallelism with the higher resolution Homer Bog record on Cook Inlet (Figure 
13); and (3) confirmation of the youngest Dryas correlation suggested by Hansen and 
Engstrom and also of correlatives to the Allerod, older Dryas, Bolling, and part of the 
oldest Dryas, as these are defined and radiocarbon dated in type areas and other 
localities in Europe and as marked by turning points of the cyclical classification of 
nearby Cook Inlet (see above and Figure 18). 
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Figure 17 Bioclimatic record of Antifreeze Pond, Yukon Territory, Canada, on time scale of the 3,336-year 
substage cycle and its 3/1 (1,112-year) stadial resonance. Pollen indices from Rampon (1970). 
Alaska glacial classification and cyclical subdivision from Karlstrom (1961). Trend analysis 
suggests a strong response to the substage cycle and where the sampling interval is sufficiently 
close, to the stadial cycle as well. Figure modified from Figure 24 in Karlstrom (1995). Note the 
well-defined oscillations in phase with the classic Dryas sequence of northern Europe. 
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Figure 18 Cook Inlet bioclimate and collated European high-resolution records on time scale of the 1,112-
year stadial cycle and its 2/1 (556-year) and 4/1 (278-year) resonances. A: Cook Inlet Homer 
Bog. B: Agarode Bog/hydrology of Sweden (Nilsson 1964a, 1964b). C: Alps timberline 
fluctuations (Beug 1982). D: Danish Balling Bog (Karlstrom 1961). E: Swiss Wachseldorn Bog 
(oeschger and others 1980) that, though sampled at shorter time intervals, replicates with some 
fidelity the classic late glacial/Dryas sequence of Denmark in D. Data from Figures 2 and 3 in 
Karlstrom (1996). Note that Nilsson's hydrologic reconstruction of the Agarode Bog record 
favors the interpretation that the late Atlantic was the driest and warmest interval in postglacial 
time or consistent with other European and North American records (Karlstrom 1956). 

50 



1998 PACLIM Conference Proceedings 

RD = Recent SW Drought 

~ 
WMITR(c70)z 

0~--~~~--~~~~--~ 
10-yr. indices: Fritts (1967) -- WMITR(c10)z. 

•sNuTR(c70)z 

0 

0 

I I I I I 
Sierra Nevada, Calif. (•Temp.) 

io-yr. i~dices : "scude'ri (198•7) 
I I I 

1 and 2 combined --f--fl-----1 
(Pr~ip .+."Temp . j 

I I I 

2. -- •sNuTR(c10)z 

a_ 
WM-SN(c70)z 

-- WM-SN(c10)z 

White Min. , Calif. (Prec.+•Temp.) 
o+--~~~--~~~~~~4 

20-yr. indices: LaMarche (1974) 
!_ 
--+-

WMI-uTR(c60)z 

WMI-uTR(c20) 

0 

0 

0 

0 

-3 

(D 

(J) . 

I I I I I 
Sierra Nevada, Calit.(•Temp.) 

20-yr. indices: "Graum'lich(19'92) 
I I I 

17-station 10-yr. 

C\J 
C') 0 

(J) 

co 
(J) 

~ 
•sNTemp(c60)z 

-- •sNTemp(c20)z 

§.. 
CP/17st(c70)z 

-- CP/17st(c10)z 

HM TR(c69)z 

.l:o-- HM TR(c35)z 

TsC TR(c69)z 
§_ 
--a- TsC TR(c35)z 

( • = Inverted temperature record) 

B.C./A.D. 

Figure 19 Summary evidence for a dendroclimatic cycle in phase with the 139-year event cycle. 
Half-cycle smoothing positioned on cycle turning points. Trend correlations, 
temperature, and precipitation range from 0.75 to >0.90 or within the upper range of 
tree ring and climate calibrations. This suggests that the cycle is real, regionally 
robust, and related to changing atmospheric dynamics and circulation patters. Similar 
half-cycle analyses of other records may define differing regional patterns and 
responses, advancing understanding of climatic and biologic process. Modified from 
Figure 10 in Karlstrom (1995). PB = Point Boundary (clustering of Southwest alluvial 
basal-contact dates) from Karlstrom (1976a, 1998). 
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Figure 20 North American and German tree ring records on time scale of the 2/1 (34.75-year) 
resonance of the 69.5-year subevent cycle. Half-cycle smoothing positioned on turning 
points of the inferred tidal resonances. North American tree ring indices from the 
indicated tables in Schulman (1956); German indices from Appendix 16 in Ladurie 
(1972). Note that these records phase strongly with different elements of the tidal 
resonance modal suggesting differing regional air-mass dynamics: the higher latitude 
western North American records with the 69.5-year subevent cycle; the mid-latitude 
records east of the Rocky Mountains with the 139-year event cycle; and the German 
record with the still-longer 278-year subphase cycle. The tree ring evidence for the 
higher latitude subevent cycle is apparently reflected in Delcourt and others' (1996) 
northern Lake Michigan strandline evidence for a 70-year temperature cycle extending 
back to mid-Holocene time. Note parallelisms between the two mean tree ring width 
records (curves 2A and 7). 
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Figure 21 Iceland temperature record on t ime scale of the 139-year event cycle and its 2/1 (69.5-year) and 
6/1 (23.166-year) resonances. Ten-year temperature indices from Bergthorson (1969). Half
cycle smoothing as before. Note the strong tendency to oscillate in phase with the 278-year 
subphase cycle and the lesser tendencies with the 139-year event cycle and its resonances. The 
medieval warm period, placed between about AD 900 and 1300 by Lamb (1977) is dated later 
by other researchers. For correlation of the post-AD 1700 part of the Iceland temperature record 
with sunspots see Friis-Christiansen and Lassen (1991) and Figure 12 in Karlstrom (1995). This 
figure also includes a tree ring-dated isotope record and a marine record (Figure 22) that also 
seem to phase with the sunspot record. 
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Figure 22 Varve-dated marine record of the Santa Barbara Basin, California, on the time scale o t e 

year event cycle and its 3/1 (46.33-year) resonance. Indices from Pandolfi and others (1980) 
replotted at 20-year intervals. Original indices collated with a Japanese tree ring record that 
reflects cycles of 273 20 years (U) and 271 11 years (D/H). The Santa Barbara core record 
demonstrates a similar length marine cycle that is in phase with the 278-year subphase cycle. 
These correlations suggest that a greater amount of organic carbon was supplied during major 
Southwest wet (depositional) intervals than during major dry intervals. The record also shows a 
strong tendency to phase with the about 46-year resonance and a stronger tendency with its 
double (93-year) Gleissberg cycle. Analysis by half-cycle smoothing positioned on turning points 
of the 139-year event cycle. From Figure 15 in Karlstrom (1995). 
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Figure 23 Sunspot and climate records on time scale of the 139-year event cycle and its 3/1 
(46.3-year) and 12/1 (11.5-year) resonances. Sunspot, hemispheric temperature, and 
Iceland indices to 1745 from Friis-Christiansen and Lassen (1991); extension of 
Iceland temperature record by indices from Bergthorsen (1969); Santa Barbara 
marine indices from Pandolfi and others (1980) and tree ring-dated isotope indices 
from Epstein and Yapp (1976). Sunspots and collated climatic records appear to be 
directly related to the tidal resonance model through in-phase relations with the 46-
year resonance and its double Gleissberg sunspot cycle. Weaker tendency for sunspot 
lengths and higher resolution climate records to oscillate in phase with the 11.5-year 
resonance. These correlations constitute the strongest empirical evidence to date for 
tidal and solar modulation of climate. 
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Abstract 

Ponderosa pine tree rings were sampled at ten sites in nine mountain ranges 
extending from the Santa Catalina Mountains in southern Arizona to the Guadalupe 

Mountains in southern New Mexico. We developed stable-carbon isotope (o13C) 
chronologies at eight sites for 1985-1995 by pooling rings from multiple trees at 
each site, subdividing rings into pre- and post-summer, monsoon-onset segments, 

and analyzing the cellulose component. The o13C values are considered a useful 
proxy of the seasonal moisture stress experienced by the trees. Two chronologies 
developed at separate sites in the Chiricahua Mountains, Arizona, showed good 
coherence despite being separated by about 13 km and 800 m of elevation. This 
evidences effective reproducibility of the method, with the differences between the 
two chronologies perhaps a consequence of the microclimatic and hydrological dis -

parities between sites. For the full network of chronologies , the o13C seasonal pat
tern shows remarkable coherence across the full length of the transect, with the 
farthest east Sacramento Mountains chronology tending to be more frequently dis
similar with respect to those farther west. The strongest correlations (positive) were 

between o13C of the earliest formed portion of the rings and Southern Oscillation 
Index, consistent with reduced moisture stress early in the growing seasons of El 
Nino years and higher moisture stress in La Nina years . 

Introduction 

Tree rings of ponderosa pine (Pinus ponderosa) in the southwestern US frequently 
exhibit a "false latewood" band within each annual growth ring, indicating an inter
ruption of ring development associated with the fore-summer drought conditions 
of May and June. The onset of precipitation from the southwest US monsoon com
monly results in reinitiation of growth and completion of the growth ring. Conse
quently, there appears to be two tree rings in one growing season, when in fact 
there is a single ring containing an interior false-latewood band. This band serves 
as a time marker, the end of which approximates the onset of monsoon rainfall 
that occurs on average in the first week in July. 

Previous stable-carbon isotope studies of tree rings have revealed strong relation
ships with moisture conditions to which the trees are exposed (Dupouey and oth-

61 



1998 PACLIM Conference Proceedings 

ers 1993; Leavitt 1993; Leavitt and Long 1989a; Livingston and Spittlehouse 
1993). Under conditions of moisture stress, stomatal closure restricts entry of 
C02 into the leaves, and photosynthesis takes place with a limited reservoir of C02 

resulting in a relatively high proportion of 13C isotopes (to 12C isotopes). Under 
average or high water availability conditions, 13C atoms are more efficiently 
excluded by enzymatic isotope fractionation and plant 13C/ 12C ratios are lower. 

This research exploits the false latewood time marker and tree ring o13C analysis 
to infer seasonal moisture conditions. Fundamental findings reveal isotopic vari 
ab ility (1) among trees at a site, (2) between sites in close proximity, and (3) 
among all sites. Finally, comparison of isotopic results with Southern Oscillation 
Index (SOl) exposes spatial and timing relationships between ENSO (EI Nino-
Southern Oscillation) and tree ring o13C. 

Methods 

From 1995 to 1997, Pinus ponderosa trees were sampled in southern Arizona and 
New Mexico at ten mountain sites, nine of which were in a limited elevation range 
of 2,100 to 2,500 m, with the tenth situated at 1,700 m (Figure 1). Preliminary 
test cores were taken to help ensure that resident trees had a high occurrence of 
"false" rings over the past 15 years, and that rings were sufficiently wide to provide 
enough material for carbon as well as oxygen (and possibly hydrogen) isotopic 
analysis. Typically, eight to ten trees were then sampled with increment cores 12 
mm in diameter from four orthogonal sides of each tree to ensure representative 
samples (Leavitt and Long 1984 ). 
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Figure 1 Location map for ponderosa pine sites used in this study. Elevations are given in 

parenthesis. The three italicized numbers above eight of the sites are the r2 values of 

correlations between o13c of the pre-2 portion of the ring and December, January, and 
February SOl, respectively.(*= P<.OS; ** = P<.Ol). 
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Core samples from all trees were sanded, dated, and carefully inspected for ring 
size and false ring presence. Absence of sufficient false rings and problems in dat
ing prevented completion of analysis of samples from the Animas Mountains and 
Guadalupe Mountains, respectively. A subset of four to six trees (two trees at the 
Catalina Mountains site) with best ring characteristics was selected for subse
quent processing and isotopic analysis. Pre- and post-false latewood ring widths 
were measured. Prior to the destructive processing for isotopic analysis, images of 
each of the rings back to 1980 were taken and archived. 

Tree rings were subdivided into pre-1, pre-2, and post-false latewood bands. The 
false latewood band itself was contained in the pre-2 subdivision, but never in the 
post -false subdivision. Samples were ground, extracted first with toluene and etha
nol and then ethanol alone, and delignified to holocellulose in an acidified sodium
chlorite solution (Leavitt and Danzer 1993). Holocellulose was combusted to C02 
in the presence of excess oxygen in a recirculating microcombustion system. The 
C02 was measured with a mass spectrometer and results were expressed as o13C 

in %o ( = [13C/ 12Csample _,_ 13C/ 12Cp08 standard - 1] x 1000) with respect to the inter
national PDB standard (Craig 1957; Coplen 1996). Repeated combustion and 
analysis of two different holocellulose lab standards during the period of isotopic 
measurement gave standard deviations of 0.16%0 (n = 32) and 0.17%0 (n = 24). 

Results and Discussion 

The o13C variability among ponderosa pine trees at a site is typically 1 %o to 3%0 , 

effectively the same range reported among various pine species in the western US 
(Leavitt and Long 1989b). Figure 2 illustrates this isotopic variability among the 5 
trees at the Huachuca Mountains site for 1993-1995. Seasonal isotopic patterns 
are very similar within each year, but absolute values among trees are different, 
although the order of o13C enrichment among trees tends to be about the same 
from year to year. 

The two sites in the Chiricahua Mountains are separated by 13 km and differ in 
elevation by about 800 m. Isotopic chronologies from the two sites (Figure 3) show 
similar secular trends of isotopic values over ten years , with high absolute o13C at 
both sites in 1989, 1990, 1994, and 1995, and low values in 1987 and 1992. Th is 
secular trend conforms to the pattern originally seen in ponderosa pine from the 
Catalina Mountains described by Leavitt and others (1998). Within years, the sea
sonal patterns of the sites are usually very similar; the biggest exception being 
1989 when the low elevation site (Chiricahua, New Mexico), o13C continuously 
rises during the growing season and the high elevation site o13C declines. The 
1989 year was a strong drought year in the Southwest. The canyon-bottom locality 
of the low elevation site may have been particularly susceptible to the conditions of 
sustained lack of rainfall (for example, low water retention capacity of alluvium), 
while the high elevation site received more moisture or the trees were better able 
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to exploit available moisture. Despite such individual year differences, a significant 
cor relation (r2 = 0.41, n = 30, P < .01) exists between the isotopic chronologies. 
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Figure 2 The pre-1, pre-2, and post-false latewood band o13C of the five trees at the Huachuca 
Mountains site 
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Figure 3 The average pre-1, pre-2, and post-false latewood band o13C for the low elevation 
(1,700 m) Chiricahua, New Mexico, and the high elevation Chiricahua Mountains sites 
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The interannual o13C patterns for all eight sites are represented with spline curves 
in Figure 4 fitted to unweighted isotopic means of each year. Most show the largest 
maximum in the 1989 (or 1990) drought year, with a minimum in 1991 or 1992. 
The two sites farthest east in the Gila and Sacramento mountains, however, show 

the ir greatest o13C maximum in 1994. This suggests the length of the east-west 
transect is sufficiently long that isotope analysis can reveal regional differences in 
moisture conditions and that 1994 was notably drier than 1989 toward the east. 
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Figure 4 Spline curves fit to the unweighted average o13C values of each of the eight ponderosa 
pine sites 

These regional effects are further illustrated in Figure 1 where results of correla
tion (r2 ) between o13C of the pre-2 portion of the ring are correlated against SOl 
for December, January, and February before the beginning of the growing season. 
o13C and SOl in the farthest east and farthest west site on the transect show no 

correlation, whereas the central sites show some significant correlations. For o13C 
of the pre-1 ring segment, the reverse is actually true with the strongest correla 
tions at the eastern and western edges of the transect (not shown). For all sites, 
the o13C of the post-false ring portion show little relationship with SOl of any 
month (not shown). 

Conclusions 

Despite 1%0 to 3%0 va riability among trees at a site, the seasonal o13C patterns 
among ponderosa pine trees tend to be very coherent. This implies site-scale envi -
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ronmental forcing of isotopic composition. Likewise, despite the long distances 
between sites in the transect, the interannual secular pattern of o13C is also quite 
coherent. This implies regional-scale environmental forcing of ponderosa o13C. 
There are similarities between these secular patterns and meteorological drought 
and SOl conditions. The strong correlations of pre-1 and pre-2 o13C, with winter 
SOl for some sites, are consistent with ENSO's strong relationship with southwest
ern winter and spring precipitation. 

Differences in the seasonal o13C patterns among sites may reflect different mois
ture histories, perhaps influenced by local hydrology. A more careful site-by-site 
analysis of the o13C chronologies with local climatological records is continuing to 
better understand differences among sites. 
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Abstract 

Changing patterns of correlations between the historical average June-through 
November Southern Oscillation Index (SOl) and October-through-March precipita
tion totals for 84 climate divisions in the western United States (US) indicate a large 
amount of variability in SOl-precipitation relations on decadal time scales. Correla
tions of western US precipitation with SOl and other indices of tropical El Nino
Southern Oscillation (ENSO) processes were much weaker from 1920 to 1950 than 
during recent decades. This variability in teleconnections is associated with the 
character of tropical air-sea interactions as indexed by the number of out-of-phase, 
SOl-tropical, sea surface temperature episodes, and with decadal variability in the 
North Pacific Ocean as indexed by the Pacific Decadal Oscillation (PDO) . ENSO tele
connections with precipitation in the western US are strong when SOl and NIN03 
sea surface temperatures are out of phase and PDO is negative. ENSO teleconnec
tions are weak when SOl and NIN03 are in phase and PDO is positive. Decadal 
modes of tropical and North Pacific Ocean climate variability are important indica 
tors of periods when ENSO indices, like SOl , can be used as reliable predictors of 
winter precipitat ion in the US. 

Introduction 

Over the past three decades, research has identified global teleconnections 
between El Nino-Southern Oscillat ion (ENSO) and surface climate in several parts 
of the world (Horel and Wallace 1981; Namias and Cayan 1984; Trenberth 1976; 
1984; Yarnal and Diaz 1986; Redmond and Koch 1991). Redmond and Koch 
(1991) identified significant corre lations between the average June-through
November Southern Oscillation Index (SOl) and winter precipitation in the western 
United States (US) for the period 1934-1995. The analysis indicates positive cor
relations between SOl and winter precipitation in the northwestern US and nega
tive correlations between SOl and winter precipitation in the southwestern US. 
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Research also has indicated that SO l teleconnections may not be consistent 
through time (Trenberth and Shea 1987; Elliott and Angell 1988; Trenberth and 
Hoar 1996; Trenberth 1997). There has been speculation that the variability in 
SOl-precipitation relations may be due to data problems in the SOl (Ropelewski 
and Jones 1987; Elliott and Angell 1988; Trenberth 1997), or that the SOl may not 
be the best index of ENSO (Elliott and Angell 1988). Other research has indicated 
that the SOl is reliable and that changes in the ocean-atmosphere system in the 
North Pacific Ocean may be the driving force of the variability in SOl-precipitation 
relations (Ropelewski and Jones 1987; Elliott and Angell 1988). The objectives of 
this study are to (1) examine variability in the strength of the relations between SOl 
and winter precipitation in the western US, (2) determine whether variability in 
these relations is isolated to the SOl or whether other indices of ENSO exhibit sim
ilar variability, and (3) examine long-term tropical and extratropical conditions that 
may be related with the major variations in SOl -precipitation relations. 

Correlations Between SOl and Winter Precipitation 

Correlations between SOl and winter precipitation for the 84 climate divisions in 
the western US have var ied through time (Figure 1). In general , winter precipita 
t ion in the northwestern US is positively correlated with SOl and winter precipita 
tion in the southwestern US is negatively correlated with SOl. For 1901-1930, 
winter precipitation for many of the climate divisions in the northwestern US was 
significantly (at a 95% confidence level) correlated with SOl. Winter precipitation 
at only a few climate divisions in the southwestern US was significantly correlated 
with SO l during this period. The number of significant correlations between SOl 
and winter precipitation in the western US decreased dramatically for the periods 
1911-1940 and 1921-1950. During 1921-1950, the only significant correlations 
between SOl and winter precipitation were in the southwestern US. During 1931-
1960, a few significant correlations occurred in the northwestern US and several 
occurred in the southwestern US. During 1941-1970, 1951-1980, and 1961-
1990, a relatively large number of significant correlations between SOl and winter 
precipitation occurred . The series of maps indicate a large amount of variability in 
the number and location of significant correlations between SOl and winter precip
itation in the western US, especially during 1911-1940 and 1921-1950. 

Significant correlations between winter precipitation in the western US and SOl 
have been more numerous during recent years than during 1920-1950 (Figure 
2a). The change in precipitation correlat ions have paralleled the character of tropi
cal air-sea interactions as indexed by the number of episodes in which strongly 
negative SOls coincided with warm NIN03 SSTs (out-of-phase, SOI-NIN03 events) 
and vice versa (Figure 2b). The variability in SOl-precipitation correlations is not 
directly related to changes in the mean or variability of SOl (Figures 2c and 2d). 
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1901-1930 1911-1940 1921-1950 

1931-1960 1941-1970 1951-1980 

1961 -1990 

Figure 1 Positive (light gray) and negative (dark gray) correlations (significant at a 95% 
confidence level) between the average June-through-November SOl and October
through-March climate division precipitation in the western US for a series of 30-year 
periods 
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Figure 2 (A) Standardized 30-year moving counts of significant correlations between the average 
June-through-November SOl and October-through-March climate division precipitation 
in the western US, (B) standardized 30-year moving counts of years when the extremes 
of the average June-through-November SOl are out of phase with the extremes of the 
average June-through-November NIN03 sea surface temperatures, (C) standardized 
30-year moving average June-through-November SOl, and (D) 30- year moving standard 
deviations of June-through-November SOl 

Correlations Between Sea Level Pressures and SOl 

The weak relations between SOl and extratropical climate from 1920-1950 are 
illustrated by correlations between SOl and winter sea level pressures for the 
Northern Hemisphere (Figure 3). The small correlations for 1920-1950 indicate 
proportionately weaker forcing of North American winter weather by the tropical 
ENSO processes represented by SOl. 
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Figure 3 Correlations between September-through-November SOl and January sea level 
pressures (taken from five-month moving averaged data) for the Northern Hemisphere 
for (A) 1920-1950 and (B) 1950-1980. The solid lines indicate positive correlations 
and the dashed lines indicate negative correlations. The first solid line is the zero 
correlation isoline and the contour interval is 0.20. 

Correlations Between Sea-Surface Temperatures and SOl 

Some of the disconnection between tropical air-sea measures of ENSO processes 
and tropical-extratropical teleconnections presented in previous figures can be 
evaluated by correlations of SOl and Arizona precipitation with global sea surface 
temperatures (SSTs). Correlations of SOl with SSTs during 1921-1950 were weak 
and did not resemble the tropical patterns associated with ENSO observed in 
more recent decades (Figures 4a and 4b). Similarly, correlations between Arizona 
winter precipitation (for climate division 5 in Arizona) and SSTs duri ng 1921-1950 
also were weak and also did not indicate the tropical ENSO patterns observed 
more recently (Figures 4c and 4d)_ The lack of teleconnections of tropical SSTs 
with precipitation in the western US suggest a failure of more than just the reliab il
ity of a specific ENSO index like SOl, and instead indicates that tropical processes 
and their teleconnections with western US precipitation were globally weakened 
and disconnected for a period of several decades. 
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A. Winter SOl, 1921-1950 

B. Winter SOl, 1951 -1980 

G. Winter Arizona Precipitation, 1921-1950 

D. W inter Arizona Precipitalion, 1951-1980 

Figure 4 Correlations between winter SST anomalies (Parker and others 1995) and the negative 
of the December-through-February SOl (-1 *SOl, the sign of SOl was reversed for ease 
of comparison with Arizona precipitation) for (A) 1921-1950 and (B) 1951-1980, and 
between SST anomalies and January-through-March precipitation for Arizona climate 
division 5 (ARIZONA PPT) for (C) 1926-1950 and (D) 1951-1970 

Decadal Variability in North Pacific Ocean Climate 

Variability in the strength of SOl-precipitation relations also appears to be related 
to decadal -scale variations in the North Pacific Ocean climate. The Pacific Decadal 
Oscillation (PDO) is an index of the dominant form of decadal variability of SSTs in 
the North Pacific Ocean (Mantua and others 1997), and is calculated as the lead 
ing principal component of monthly SSTs in the Pacific basin poleward of 20 
degrees north latitude. When PDO is negative, the SSTs in the central North Pacific 
Ocean are warmer than average. When PDO is positive, the SSTs in the central 
North Pacific Ocean are cooler than average. A 30-year moving average of the 
June-through-November PDO index exhibits variability that closely mirrors the 
strength of SOl-precipitation relations, as depicted by 30-year counts of signifi
cant correlations (Figure 5). Thirty-year moving averages of the PDQ were higher 
than average from 1920 to the late 1940s, and lower than average from the late 
1940s to the late 1970s. The 30-year moving averages of the June-through
November PDO and 30-year counts of significant SOl-precipitation correlations is 
highly anticorrelated (r = -0.88). 
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Figure 5 Thirty-year moving average of June-through-November PDO indices and 30-year counts 
of significant correlations between average June-through-November SOl and October
through-March precipitation in the western US. The data are plotted for the year of the 
SOl-precipitation correlations. 

The variability in SOl -precipitation relations also is observed for other indices of 
the condition of the tropical Pacific Ocean. Correlations between winter precipita 
tion in the western US and NIN03 SSTs and Darwin SLP parallel the variability for 
SOl-precip itation correlations (Figure 6). The variations of NIN03 and Darwin SLP 
teleconnections, however, do not appear to be as sensitive to PDO as are SOl tele
connections. Most likely, the shape and extent of the Southern Oscillation SLP pat 
tern changes when PDO changes sign and this change is reflected in variations of 
the tropical teleconnections to prec ipitation in the western US. 
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Figure 6 Comparison of 30-year moving counts of significant correlations between the average 
June-through-November SOl and October-through-March climate precipitation and 30-
year moving counts of significant correlations between (A) average June-through
November NIN03 sea surface temperatures and October-through-March climate 
division precipitation, and (B) average June-through-November Darwin sea level 
pressures and October-through-March climate division precipitation. Counts during 30-
year periods with positive and negative values of the PDO are indicated by filled and 
open circles, respectively 

Summary 

Correlations between SOl and winter precipitation in the western US for overlap
ping 30-year periods varied in strength and pattern during the 20th century. These 
var iations appear to relate to how closely the oceanic and atmospheric compo
nents of ENSO interact from decade to decade to form the out-of-phase SOl and 
NIN03 relations (negative SOls coinciding with warm NIN03 SSTs and vice versa) 
that have been observed in recent decades. The variations also appear to be asso
ciated with large-scale variability of the North Pacific Ocean climate system as 
indexed by the PDO. ENSO teleconnect ions with precipitation in the western US 
are strong when SOl and NIN03 are out of phase and PDO is negative. ENSO tele
connections with precipitat ion in the western US are weak when SOl and NIN03 
are in phase and PDO is positive. 

An understand ing of the state and nature of decadal variations of trop ical and 
North Pacif ic Ocean climate systems is necessary for interpretation of teleconnec
tions between the tropical Pacific Ocean and the climate of the US (Latif and Bar-
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nett 1996). The results of this study indicate that teleconnections change on 
decadal time scales so that analysis of longer climate series need not always 
improve the depiction or statistical significance of a particular hydroclimatic tele
connection. Analysis of short time series, however, may lead to overconfident esti
mates of teleconnection strength. In particular, hydroclimatic responses to ENSO 
during the several decades before about 1950 were different and weaker than 
responses since then. If such a change in teleconnections were to reoccur (for 
example, Hodge 1997) the skill of long-range forecasting of climatic conditions in 
the western US might be adversely affected and many existing ENSO-based man
agement strategies could be threatened. Knowledge of the states of the decadal 
modes of tropical and North Pacific Ocean climate variability, however, may enable 
the discrimination between periods when ENSO indices, like SOl, can be used as 
reliable predictors of winter precipitation in the US and periods when SOl would be 
an unreliable predictor. 
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Climate Prediction for Winter 1997-1998 
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Abstract 

The ensemble regional forecasts over the United States (US) were made in October 
1997 for winter 1997-1998. Ensemble global forecasts were performed with sur· 
face temperature anomalies (SSTA) in the tropical Pacific taken from the NCEP-cou· 
pled , atmospheric ocean model, ensemble forecast. The global forecasts were then 
downscaled using the NCEP regional spectral model (RSM), nested in the global 
model outputs to enhance the precipitation forecasts. 

The global forecasts for the winter mean have high skill over the Northern Hemi
sphere. The model is able to capture the wave train extending from the area of con
vection to the Pacific North America . Precipitation anomalies due to the influence of 
SSTA show wet conditions in California and Florida and dry conditions over the Ohio 
Valley. Rainbelt also extends from the Gulf of Mexico to the central US. The fore
casted ensemble anomaly pattern for the T62 model is similar to that observed, but 
the low resolution model is not able to capture the magnitudes of rainfall and it 
misses rainfall at high elevations over California. 

The NCEP RSM is embedded in the T62 global model outputs to enhance the pre
cipitation prediction over the US. Both 50 km resolution RSM ensemble over the US 
and 30 km resolution RSM over the western region were performed. The 50 km res 
olution RSM improves the rainfall amounts in California , but it is still not able to 
resolve orographic-related features. The 30 km resolution RSM provides a better 
forecast of precipitation at high elevations and centers along the coast of California . 
This experiment indicates that it is feasible to make regional forecasts one to two 
months in advance for water resources management. 

Introduction 

The objective of this paper is to demonstrate that it is feasible to make regional cli
mate forecasts one month in advance for water resources planning. We report a 
downscaling experiment made during October 1997. With SSTA in the central 
Pacific provided by the NCEP-coupled, atmosphere-ocean coupled model, global 
ensemble forecasts for winter 1997-1998 were made using one version of the 
NCEP AGCM. These forecasted large-scale atmospheric anomalies are then down· 
scaled via a regional mode (RSM) (Juang and others 1997). The purpose of this 
experiment is to assess the possibility of predicting precipitation and other vari
ables in specific locations for hydrological applications. 
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Experimental Design 

All AGCM integrations were performed using a version of the NCEP/MRF model. 
Two sets of ensemble seasonal forecasts with forecasted SSTA were produced for 
winter 1gg7-1gg8 from 16 to 20 October 1gg7. The only difference between the 
two sets is the model resolution. One set has T62 horizontal resolution with 28 lev
els in the vertical and the other set has T40 horizontal resolution with 18 levels in 
the vertical. The SSTA in the tropical Pacific (lat 15°S to 15°N, long 120°E to 70°W) 
were taken from the coupled atmosphere-ocean model ensemble forecast and cli
matology was used elsewhere. We refer to them as the T62 SSTA and T40 SSTA 
forecasts, respectively. The initial conditions were taken from the NCEP analyses. 

We then made ensemble regional forecasts by nesting the RSM in the T62 SSTA 
outputs. The downscaling forecasts were made using both 50 km resolution over 
the United States (US) and 30 km resolution over the western US. We focused over 
the western US because precipitation in that region is influenced by tropical con
vection (Mo and Higgins 1gg8). The vertical resolution is 28 levels consistent with 
the T62 AGCM. Each ensemble consists of five integrations. We refer to these runs 
as RSM 50 and RSM 30 forecasts. 

For verification, the circulat ion fields were obtained from the NCEP /NCAR CDAS/ 
reanalysis (Kalnay and others 1gg6). The anomalies were departures from the cli
matology from 1g58 through 1g5g. Precipitation over the US was taken from 
1 ox 1 o precipitation data set from the NCDC. 

AGCM Results 

During winter 1gg7-1gg8, the forecasted tropical SSTA produced by the NCEP 
coupled model were very realistic. The model captures the SSTA greater than 4 oc 
extending from the eastern Pacific to the central Pacific. In addition to SSTA in the 
central Pacific, there are positive anomalies greater than 1 °C in the Indian Ocean 
and in the southern Atlantic. Negative anomalies are located in the North Pacific 
with positive anomalies along the west coast of North America and the east coast 
of China. These anomalies are not recognized by the model. 

The differences between T62 and T40 SSTA ensemble means of 500 hPa height 
anomalies are not large, so we show the ensemble seasonal mean 500 hPa height 
anomalies averaged over five T62 SSTA and T40 SSTA runs together. The observed 
winter climatology from 1g58 through 1g5g was taken out from both forecasts 
and analysis to form anomalies (Figure 1). There is no correction of the model sys
tematic errors. Overall, .the model is able to capture the wave train extending from 
the convective area of North America with negative anomalies in the North Pacific 
close to the west coast of North America and in Florida and positive anomalies 
over Canada. The anomaly correlation over the NH (lat 30°N to gooN) is 0.64 and 
over the Pacific North American region (lat 30°N to gooN, long 180°W to 40°W) is 
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0.81. The forecasted anomalies are stronger than those observed. The standing 
waves are more realistic than the total anomalies. That implies that the model has 
zonal mean biases. When the model is forced by global observed SSTA, the fore· 
cast over the Eastern Hemisphere improves (not shown). 

Figure 1 Observed ensemble mean 500 hPa height anomaly for December 1997 through 
February 1998. Contour interval is 30 m. Areas where values are greater than 30 m are 
shaded, (b) same as (a), but for anomalies with zonal means removed, (c) same as (a), 
but for ensemble forecasts with T62 SSTA and T40 SSTA combined, (d) same as (c), but 
with zonal means removed. 

The observed large-scale precipitation and anomaly over the US show a typical sig· 
nal during warm El Nino-Southern Oscillation (ENSO) events. There are positive 
rainfall anomalies in California and negative anomalies over the Pacific Northwest. 
Such dipole rainfall pattern has been documented by Mo and Higgins (1998) and 
Cayan and Redmond (1994). It also shows positive anomalies over Florida and 
Texas and negative anomal ies extending from Tennessee to Ohio. In comparison 
with station reports, the one-degree resolution precipitat ion analysis is not able to 
capture details and regional features of precipitation. It misses a rain belt over 
high elevations and many rainfall centers along the California coast. 
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Regional Model Precipitation Forecasts 

With the uncertainty of precipitation analysis in mind , we discuss the precipitation 
forecast. The RSM50 ensemble mean precipitation forecast (Figure 2) captures the 
maximum located at northern California and another center over southern Califor
nia . It shows precip itat ion over 150 mm per month in the southeast, which is 
about 50 mm per month less than the observations. Wh ile the RSM 50 forecasts 
are able to capture the ra infall pattern, the model is stil l not able to capture the 
rainbelt over the mountains. a) RSM SO FCST 

51N 

4BN 

45N 

42N 

39N 

36N 

JON 

27N 

130W 125W 120W 

b) Observed 

Figure 2 (a) Ensemble seasonal mean RSMSO precipitation forecast for December 1997 through 
February 1998. Contour interval is 100 mm/mo. Area where values are greater than 
100 mm/mo are shaded. (b) same as (a), but for observations. 

Figure 3 shows the ensemble mean prec ipitation for RSM30. Precip itation over the 
western region has more deta il ed structure. There is a rainbelt over the high moun
tains and there are many rainfall maxima along the coast. The rainfa ll amounts 
also increase. The problems are that the rainfall centers are located inland instead 
of along the coast and the model tends to generate spurious maximum centers of 
rainfall. Considering these forecasts were made in October 1997, results are 
encouraging. More work needs to be done, but our results suggests that it is possi-
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ble to make regional ensemble forecasts a few months in advance for hydrological 
applications during strong ENSO winters. 

Dec 97-Feb 98 RSM25 

mm/mo 

Figure 3 Ensemble seasonal mean RSM30 precipitation forecast for December 1997 through 
February 1998. Contour interval is 100 mm/mo. Area where values are greater than 
100 mm/mo are shaded. 
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How Does 1998 Compare with 1997 and 1983 on 
Floods and Water Supply? 

Maurice Roos, Chief Hydrologist 
Califomia Department of Water Resources 
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P.O. Box 219000 
Sacramento, California 95821-9000 

Introduction and Summary 

Water year 1997-1998 was the fourth wet year in a row for northern California 
(Location Map). This was unusual because a series of wet years of this duration 
has probably happened only twice before in this century (Figure 1). The previous 
series occurred during 1940-1943 and perhaps during 1904-1907. (There is 
some doubt about whether water year 1905 was "wet enough" to be labeled a wet 
year). Flood patterns in 1998 were strikingly similar to 1983, although timing was 
different. Flood patterns in 1998 were much different from that of the great New 
Year's flood of 1997. 

The coastal watersheds and smaller basins generated the floods in 1998. New 
flood peaks were observed on the Pajaro River near Watsonville, at Farmington and 
Los Banos reservoirs and on Merced area creeks. The upper Sacramento Valley 
was also wet; flooding there was comparable with the larger floods of record, 
despite effective flood control operations at Shasta Reservoir. Flood runoff from 
major Sierra rivers was not unusually large; peak three-day rates were near 
median. Figure 2 shows peak three-day flood runoff rates for the American River 
near Sacramento. 

After a slow start in December, winter 1998 turned wet. Both January and Febru
ary were extremely wet and February precipitation was nearly three times above 
normal. However, the February storms were relatively cool and helped build up a 
large snowpack in the mountains. Some of the largest snowpack percentages were 
on the ridge separating the Sacramento and Trinity river basins. With the exception 
of 1995, 1998 had the heaviest snowpack since 1983, another strong El Nino year. 
The Sacramento River system can easily handle snowmelt floods because of its 
large rain flood channel capacity. But San Joaquin River system floodways are only 
about one-tenth as large, taxing the reservo irs and channels in large snowmelt 
years. Snowmelt in 1998 was delayed about two weeks, which helped to control 
high San Joaquin River system runoff. The water supply forecasts were useful for 
coordinating releases and operating the reservoirs to minimize snowmelt flood 
damage. 
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May 1998 was cool and wet, more typical of March weather. A surprise storm in 
the upper Sacramento Valley near the end of May produced moderate flood flows 
in the Sacramento River and the latest inundation of the Sutter and Yolo bypasses 
observed. 

Runoff in water year 1998 in the Central Valley rivers was less than in 1983 (the 
last strong El Nino year) or 1995. However, water year 1998 runoff was about 25% 
more than in 1997. Total runoff for the eight major rivers of the Sacramento-San 
Joaqu in River system will be about 42 million acre-feet, about 175% of average 
and the sixth wettest of record. 
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Water Supply 

In the northern Sierra, an estimated 82 inches of precipitation had fallen by late 
September, about 165% of average for the season. This represents the fourth wet
test year of record, begun in 1922. Figure 3 shows monthly precipitation for 1998 
(through June), 1997, and the strong El Nino years of 1983 and 1973. Figure 4 
presents the same information in accumulated seasonal amounts. 
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Water year 1997-1998 was wet, but contrasted with water year 1996-1997. A cou· 
pie of concentrated storms caused some extreme flooding in 1997. Frequent 
storms with moderate snow levels occurred in 1998. One of the century's stronger 
El Nino events strengthened the southern jet stream track to push storm after 
Pacific storm into California, especially the coastal region. (Figure 5 shows the dis· 
tribution of seasonal precipitation.) As a result, once the large snowpack melted, 
the total rainfall and runoff were greater in 1998 than in 1997. The crossover in 
statewide volume of runoff occurred soon after 1 June. In 1997, most of the runoff 
was practically over by 1 June because of an early and below·average snowmelt. In 
1998, the bulk of snowmelt runoff, especially from the southern Sierra, came after 
1 June, eventually boosting runoff to much more than in 1997 with its dry spring. 
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I expect statewide runoff in water year 1998, ending on 30 September, to be 175% 
of average, compared to 145% in 1997 and 220% in 1983. Both major water 
projects, the Central Valley Project and the State Water Project, made full water 
deliveries to their customers in 1998. 

Floods 

Most major Central Valley foothill reservoirs operated in the flood control mode 
during February and March. Excess waters were released in a controlled manner 
into the Sacramento and San Joaquin river systems. All Sacramento system fixed 
weirs flowed during most of February and 16 of 48 gates in the Sacramento Weir 
near Sacramento were opened in early February. The San Joaquin River near Ver
nalis almost reached its 29-foot flood stage in mid-February, then fluctuated about 
a foot lower to the 28-foot level as reservoir operations controlled much of the 
storm runoff. 

Most of the winter storms were rapidly moving systems with short breaks in 
between. No special problems were posed to the floodway systems. The one excep
tion was a powerful storm on 2 and 3 February, which stalled just off the northern 
California coast and dumped heavy amounts of rain on the coastal range and the 
upper end of the Sacramento Valley. Upper Sacramento River flood stages, almost 
entirely generated below Shasta Dam, reached levels comparable to the big floods 
of the past. (Figure 6 shows the stage comparisons in the upper, middle, and lower 
Sacramento Valley.) The storm was similar to the big storm and upper Sacramento 
flood of 1 March 1983. The Central Valley west-side streams gushed large volumes 
of water, overtaxing the limited drainage capacity of the Colusa basin. This also 
occurred later at Clear Lake, which rose to 11.5 feet on 24 February, slightly over 
the 1986 peak stage of record in February 1986 (11.3 feet) and nearly as high as 
in March 1983. Historical county records from the Rumsey gage show that Clear 
Lake stages were 13.4 feet in February 1909 and nearly 13.7 feet in January 1890. 
But the outlet was different in those days. Some channel cleanup work by Lake 
County (as much as allowed by an old judicial decree), reduced the stage in 1998 
by perhaps 0.5 feet from what it could have been. 

In the Sacramento-San Joaquin Delta, high tides at Rio Vista exceeded ten feet on 
several days during the first two weeks of February. There were problems, but no 
delta islands were flooded, thanks in part to strenuous flood fight work. 

On 3 February, the Russian River at Guerneville crested 6.5 feet above flood stage, 
about ten feet lower than the peak levels observed in February 1986 and January 
1995. 

The Napa River at Napa crested nearly two feet above flood stage, also well below 
record levels. Heavy rain on the central coast produced a new peak of record on 
the Pajaro River at Chittenden, over two feet above flood stage during the first week 
of February. (The previous record was in 1958.) The coastal mountains of southern 
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California experienced heavy rain, which generated large flows in Santa Barbara, 
Ventura, Orange, and San Diego counties. Reported Cuyama River inflow to Twitch· 
el l Reservoir near Santa Maria was also a new record. 

Peak inflows to major Central Valley reservoirs during winter 1998 were quite mod
est , due primarily to colder storms with relatively low snow levels. The surprise 
occurred at two lower elevation reservoirs seldom heard about: Farmington Reser
voir east of Stockton and Los Banos Reservoir west of Los Banos. A strong local 
storm filled the 52,000 acre-feet Farmington Reservoir on 8 February with a small 
amount of water going over the spillway. Outlet structure releases into Littlejohn 
Creek were curtailed to account for the extra water com ing over the spillway in 
order to remain within safe channel flow levels downstream. The reservoir peaked 
on 9 February to about 53,000 acre-feet. Ten days later, on 19 February, the reser 
voir was about 80% full and reasonably ready for a new storm. The other surprise 
occurred at Los Banos, a 34,600 acre-feet reservoir with 14,000 acre-feet of flood 
reservat ion space to protect the California Aqueduct and provide some local recre
ation. That reservoir filled to about 90% of capacity on 3 February and there were 
fears that another predicted strong storm two days later could fill the dam with 
only partially controlled flow over the sp illway. Preparations were made to handle 
the uncontrolled flow downstream, including intercepting a portion of the peak 
flows into the California Aqueduct and an emergency dike to protect the City of Los 
Banos. Fortunately, the second storm turned out to be much smaller; the reservoir 
did not fill and inflow was fully controlled. 

Storm patterns during winter 1998 produced significant creek flows below the 
foothill reservoirs. Two periods of heavy thunderstorms, one in mid-January and 
one in late March, produced flooding in Merced from local creeks. Bear Creek, just 
east of Merced, peaked at record levels near midnight on 15 January. On 24 
March, heavy thunderstorms produced another sharp rise, which exceeded the 
January peak. 

Snowpack 

The cold winter storms of 1998 produced significant snow accumulations in the 
high mountain watersheds. From about 75% of average on 1 January, snowpack 
water content increased to 115% of average statewide on 1 February and to 185% 
on 1 March, but then leveled off during March . Relatively dry conditions during the 
first half of March slowed the rate of snow accumulation with some melting at mid 
March at lower elevations and a boost from storms during the last ten days. By 1 
April, statewide snowpack was 160% of average, compared to only 75% in 1997. 
By comparison, water year 1983 was 220% of average and water year 1995 was 
180% of average on 1 April. In 1993, California also had about as much statewide 
snowpack as in 1998 (150%). However, snowpack in the north coast region was 
only 115% in 1993 compared to 180% in 1998. 

91 



1998 PACLIM Conference Proceedings 

By May, the snowpack comparisons looked different. Cool storms during the first 
half of April delayed melting for about two weeks. The statewide snowpack on 1 
May, slightly less than on 1 April, was now 190% of average for the date. This was 
less than the 210% reported in 1995, but quite a bit more than in 1993. It was 
still much less than in 1983, which was 290% on 1 May. 
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Figure 6 Peak flood stages, in feet, for the upper, middle and lower Sacramento River 

Figure 7 shows the chronology of mountain snow water content for the 1997-1998 
season and previous years. Table 1 compares statewide snowpack water content 
during the heavier snowfall years of the past several decades. 
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Figure 7 Telemetered California snow water content for the 1997-1998 season 
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Table 1 Numerical comparison of statewide snowpack water content during heavy snowfall years 
of the past three decades 

Snowpack Water Content Percent of Average for Date 

Year 1 April 1 May 

1998 160 190 

1997 75 55 

1995 175 210 

1993 150 150 

1983 220 290 

1978 150 190 

1969 210 225 

1967 130 225 

Cool storms in May would further delay snowmelt, while adding to high elevation 
snowpack. Eventually the southern Sierra peak melt occurred about mid-June, two 
weeks later than usual , and continued steadily into the first part of July. The delay 
was a blessing because it allowed the San Joaquin and Tulare Lake foothill reser 
voirs to control a huge snowmelt runoff without a great deal of flooding on the Cen
tral Valley floor. There was some flooding of low ground, including about 40,000 
acres of Tulare Lake bed, but much less than was possible. 

Based on past El Nino experience, the upper Colorado River basin was also 
expected to be wet. Instead, conditions there were normal. The preliminary esti
mate of the unregulated April-through-July inflow to Lake Powell was 8.6 million 
acre-feet, 110% of average. Water storage on the Colorado River in lakes Powell 
and Mead was excellent: 94% of capacity on 1 September. There will be some 
excess water released as extra flow in fall 1998 to provide necessary flood control 
space for next season . 
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Figure 8 Sacramento River runoff, April-through-July runoff in percent of water year runoff 

About ten years ago I reported that there was an apparent trend for a decreasing 
fraction of water year runoff to occur during the April-through-Ju ly snowmelt 
period. Some have investigated this effect further. One would think a year of big 
snowpack would increase the percentage, and it does to some extent (Figure 8), 
but not to the extent observed in previous decades. The trend is still there. 
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Abstract 

Many researchers have identified the eastern Pacific and Gulf of California as the 
dominant maritime summer moisture source for southeastern Arizona. Despite this 
understanding, strong direct El Nino- Southern Oscillation (ENSO) teleconnections 
with precipitation and temperature in the region have not been identified . Our 
research identifies clear ENSO teleconnection between precipitation in southeastern 
Arizona and eastern Pacific sea surface temperatures manifested in the year-to-year 
variance of the precipitation stable isotopic ratios . 

Stable isotopes in Tucson , Arizona , precipitation (o 18o and oD) have been analyzed 
per event from 1981 to present, a unique time series in the western United States. 

High correlations are noted between weighted o18o summer season values with 

eastern Pacific sea surface temperatures (SSTs). Cellulose 6180 values derived for 
the same period from ponderosa pine trees in the Santa Catalina Mountains near 
Tucson also reveal high correlation with local precipitation 6180 and eastern Pacific 
SSTs . 

Introduction 

Precipitation Stable Isotopes 

The stable isotopic ratios of hydrogen (2H/1H) and oxygen (18o;160) in precipita · 
tion are determined by the ratios in the original source water and a number of 
physical effects that modify (fractionate) the ratios at various points between ini · 
tial evaporation and final precipitation. The most important of these effects are 
related to the temperature of the original liquid source, the temperature and rela · 
tive humidity of the atmosphere above the original source, the preferential loss of 
the heavier isotopes during intermediate rainouts, and the relative humidity of the 
atmosphere through which the final precipitation falls. Observations by Dansgaard 
(1964), Gat (1980), and Ingraham and Craig (1993) describe specific examples of 
fractionations caused by these factors. 
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The long-term relationship between the isotopic ratios of hydrogen and oxygen in 
each precipitation event from a given area over time is described by a linear func
tion called a meteoric water line (MWL). The slope and intercept of the global MWL 
have been determined to be oD = 86180 + 10 (Craig 1961), where 

(
Heavy/ Light sample ) 

8= -1 x lOOO 
Heavy/ Light standard 

and Heavy/Light is 2H/1H for oD and 180/160 for o180. Departures of regional 
MWLs from the global MW88L are caused by differences in the magnitude of the 
effects of physical processes acting on water molecules differing by one neutron 
(2H/ 1H) versus two neutrons (180/160), these being the mass differences between 
the hydrogen and oxygen isotopes of interest. 

Tucson Summer Precipitation, El Nino Teleconnections, and Precipitation 
Stable Isotopes 

Summer precipitation in the Tucson area is tied to the formation of a thermal low 
pressure center over the desert regions combined with large-scale position and cir
culation changes associated with the Azores (Bermuda) high pressure center 
(Adams and Comrie 1997). The terms Mexican Monsoon (Douglas and others 
1993), North American Monsoon (Adams and Comrie 1997), and North American 
Monsoon System (H iggins and others 1997) are applied to this phenomenon 
because a significant shift in mean wind direction and pressure occurs between 
winter and the development of the summer precipitation pattern. The timing of the 
summer precipitation onset is very consistent (Higgins and others 1997), but 
questions remain about the location of the dominant summer moisture source 
region (see Adams and Comrie 1997 for discussion). 

Most previous research considering US Southwest summertime precipitation has 
not found strong connections relating El Nino-Southern Oscillation to precipitation 
patterns (Andrade and Sellers 1988), though some relationships have been identi
fied (Carleton and others 1989; Harrington and others 1992; Hereford and Webb 
1992). Our research , however, has found evidence for a strong El Nino teleconnec 
tion in correlations between changes in the isotopic ratios of hydrogen and oxygen 
in summer precipitation in the northern Sonoran Desert, specifically Tucson , Ari 
zona, and changes in sea surface temperatures in the eastern Pacific Ocean. This 
finding supports other work identifying a moisture source dominantly in the east
ern Pacific Ocean and Gulf of California (Reitan 1957; Rasmussen 1967; Hales 
1972; Reyes and Cadet 1988; Douglas 1995). A mechanistic explanation is pro
vided below. 
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Precipitation Stable Isotopes in Trees 

The hydrogen and oxygen fixed in various chemical constituents of plant tissues is 
derived ultimately from local environmental water entering through the roots 
(DeNiro and Epstein 1979). The number of precipitation events contributing to the 
local moisture source for a plant depends on the rooting depth, soil depth, root 
access to groundwater, and the characteristics of the local precipitation regime. 
Trees tend to use deeper sources of water than grasses, forbs, and shrubs. Conse
quently, they often use water with isotopic ratios reflecting a long-term precipita
tion isotopic mean. However, trees in appropriate settings within semi-arid 
environments should have access to only short-term water inputs (White and oth
ers 1985). Logically, the chemical constituents of the wood (xylem) in these set
tings should also reflect water input from a short time. 

But this will only be true if there are no other significant isotopic fractionation fac
tors to alter the isotopic ratios. Evaporation, for instance, can cause large changes 
in these ratios during photosynthesis. Leaf pores called stomata must open during 
photosynthesis to al low carbon dioxide to enter the leaf. A necessary trade off to 
access atmospheric carbon dioxide is the loss of water through these stomata. 
Periods of low humidity can result in leaf water which is enriched in the heavier 
water molecules as more of the lighter molecules evaporate. It also follows that 
periods of high hum idity may result in leaf water which sees little or no isotopic 
change. For this reason, the stable isotopes in the leaf water may reflect the isoto
pic ratios in the source water, the local relative humidity, or a mixture of both. 

Leaf water is used to manufacture photosynthates, the building blocks of plant tis
sues, and in this way the plant incorporates an isotopic signal. The photosynthates 
are either stored for later use or used immediately to manufacture various prod 
ucts. These products have different chemical stabilities over time depending on 
their composition. Cellulose, the principal structural material in most plants, is 
particularly stable and accounts for about half of the plant's total mass. These 
qualities make cellulose the material of choice for many stable isotopic studies 
involving plants. 

Additional fractionation occurs in the biochemical processes which lead to cellu 
lose synthesis. A discrimination of 27%0 against the heavier oxygen isotopes is 
seen in the end product of the cellulose synthesis pathway. However, this fraction
ation appears to be constant and may be viewed as a consistent offset from the 
leaf water values (Ehleringer and Dawson 1992). Additional research suggests that 
some degree of reequilibration with environmental water may occur at the point of 
cellulose deposition (DeNiro and Cooper 1991; Terwilliger and DeNiro 1995), but 
the overall evidence is currently ambiguous. 

Southern Arizona Trees and the Monsoon 

Trees growing on Sky Islands in parts of the Southwest US desert are subjected to 
a consistent growing season climate fluctuation. A two- to three-month hyperarid 
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period occurs between a winter frontal storm-dominated precipitation peak and a 
summer convective storm-dominated precipitation peak. This period, often called 
the "foresummer drought," is brought to an end in July by the arrival of the mon
soonal precipitation mentioned above. The occurrence of this drought and the tim 
ing of the precipitation onset (see above) display tremendous consistency; the 
transition occurring almost invariably within a two week period centered on 4 Ju ly. 

This arid period occurs during the growing season of many tree species, driving 
important physiological responses. Certain tree species physiologically respond to 
this arid period by partially ceasing growth, then renewing vigorous growth when 
the summer rains appear. In an annual growth band this appears as a reduction in 
cell size with increased lignification followed by an increase in cell size and a 
reduction in lignification (Figure 1). This feature is called a false latewood band, or 
false ring. The time constancy of formation for this feature can provide an intra
annual link between wood produced and time of the year for tree rings of any age. 
Division of the rings just after the false ring should allow wood produced with win 
ter precipitation to be separated from wood produced with summer precipitation. 

Figure 1 Ponderosa pine tree rings showing false latewood bands 
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Methods 

Tucson Precipitation Isotopes 

One author (AL) has collected precipitation at his home since 1981. An eighteen
year Tucson precipitation isotopic data set now exists consisting of stable isotopic 
determinations for each precipitation event Both hydrogen and oxygen isotopic 
ratios have been determined for each sample. 

The isotopic determinations were performed using a zinc reduction technique for 
hydrogen and a C02 equilibration technique for oxygen. Work was done on either a 
VGMicromass602C or a Finnagan Delta-S mass spectrometer. An internal lab 
water standard was used to calibrate the mass spectrometers. 

Santa Catalina Mountains: Cellulose and Precipitation Isotopes 

Ponderosa pine trees growing at 2,300 m in the Santa Catalina Mountains immedi
ately north of Tucson were identified by increment coring as having consistent 
false latewood band production. Cores 12 mm in diameter were taken orthogo
nally from four directions on the trees. The tree rings were separated into three 
segments: one after the false latewood band and two of equal divisions from the 
portion before the false latewood band. All non-cellulosic components were 
extracted from the whole wood using a soxhlet-type extraction and sodium chlorite 
delignification, similar to Leavitt and Danzer (1993). 

Cellulose from the four directions was combined, dried, and pyrolyzed using a vari
ation of the nickel pyrolysis technique reported by Edwards and others (1994 ). The 
resulting carbon monoxide and carbon dioxide mix was converted to carbon diox
ide by spark discharge (Thompson and Gray 1977). 

It was necessary to begin a long-term analysis of precipitation isotopic values from 
near the trees in order to legitimize a comparison between the stable isotopic 
ratios in tree cellulose from 2,300 m in elevation and the long precipitation isoto
pic data set in Tucson at 800 m. Precipitation has now been collected for three 
years using a bulk collection system similar to that described by Claussen and 
Halm (1994 ). Most samples represent one- to two-week periods and, as such, may 
be individual events or composites of multiple events. The collector placement 
near the Palisades Ranger Station at 2,450 min the Santa Catalina Mountains 
allows the use of a daily record (unofficial) of precipitation amount This site is 
about 0.5 mi north and 150m higher in elevation than the tree sampling site. Sta 
ble isotopic ratios for the Palisades Ranger Station precipitation were determined 
in the same manner as for Tucson precipitation. 
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Results and Discussion 

Tucson Precipitation Isotopes 

The 18 years of Tucson precipitation isotopic values were gathered into a single 
spreadsheet, after which quality control checks were performed and additional 
samples were run to fill in gaps or to test questionable values. Pertinent meteor ic 
water lines were then determined (Figure 2). The annual isotopic ratios in precipi· 
tation separate readily into two periods based on the slopes of the meteoric water 
lines: winter (November through April) and summer (May through October). The 
seasonal differences in slope are a product of the larger summer 6180 fraction· 
ation during rain throughfall when temperatures are high and relative humidity is 
low. This d ifference is particularly noticeable for smaller rain events. 
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A "seasonally" weighted isotopic time series was produced as follows: (1) the ratio 
of the amount of precipitation received during the event to the total amount for the 
period of interest was calculated; (2) the isotopic composition of each individual 
event was multiplied by its respective ratio; and (3) the numbers from the second 
step were totaled for the period of interest (Figure 3). Isotopic time series were 
also developed for various combinations of months, each combination being 
weighted independently. These data sets were then regressed against monthly, 
bimonthly, and trimonthly means of sea surface temperature (SST) time series: 
Nino 1+2; Nino 3; and Nino 4. The highest correlations (r= - 0.79) found for all the 
data sets was between the Tucson August-through-September mean isotopic val -
ues (6180) and various lags of three-month means of SSTs (Figure 4 ). The lags of 
highest correlation decreased from west to east as follows: Nino 4, 15 months; 
Nino 3, 14 months; and Nino 1 +2, 11 months (Figure 5). The relation between 
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these SSTs and the SSTs in the moisture source region is uncertain, but the reduc
tion in the time lags with increasing proximity of ocean area to the Americas sug
gests a much shorter lag would be found for regress ion with SSTs from the marine 
source region , an area receiving the northward deflection of equatoria l surface 
waters. This data set has not yet been derived . 
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Figure 3 Weighted seasonalized stable isotopes in Tucson precipitation. Note the large seasonal 
differences in most years. 
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Aug-Sep Tucson PPT o180 Against SSTs: 1982-1997 
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Figure 5 Running lagged correlations between three-month means of Nino 1+2, 3, 4 SST data 

sets and August-through-September weighted mean 6180 from Tucson precipitation as 
1982-1997 time series. The lag equals zero at zero on the x axis. 

These high correlations may be explained using the following reasoning. Consis
tency in the timing of Tucson summer precipitation onset and moisture source 
region mean that the isotopic ratios in the precipitation in the summer season are 
largely controlled by the temperature of the marine source water and associated 
atmosphere, rainout during airmass transport, and changes in the local atmo
spheric humidity. The degree of rainout probably does not vary tremendously 
because the storm track is largely unvarying and the local humidity tends to 
remain high once the monsoonal precipitation has begun, so the dominant factor 
affecting the stable isotopic ratios in the precipitation should be temperatures in 
the source region. If the sea surface temperatures in the source region dominate 
the variation in the ratios, then the year-to-year variation in the mean weighted sta 
ble isotopic ratios of the precipitation can be expected to correlate with the sea 
surface temperatures. The source region should be influenced by El Nino-related 
shifts in sea surface temperatures along the equatorial Pacific because the west
to-east movement of the surface water recurves along the Mexican coast after 
reaching the Americas. A lag on the order of months is suggested by our research . 

Santa Catalina Mountains Precipitation Isotopes 

Seasonally weighted means have been determined for this data for comparison 
with the Tucson data set (Figure 6). The relative seasonal changes are similar and 
most likely reflect elevational temperature differences. Less seasonal difference is 
seen between the meteoric water line slopes for the high elevation site than was 
noted for the Tucson data set (Figure 7). This may be attributed to lower mounta in 
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temperatures and generally higher local humidity, reducing the fractionating 
effects of physical processes in the summer, and evaporation from the snow sur
face in winter. These differences from the situation in Tucson act in opposite direc
tions making the MWL slopes more similar. For these reasons, the summer 
isotopic ratios in the mountain precipitation should more closely reflect the 
marine source moisture isotopic values than do the summer isotopic values for 
Tucson precipitation , while the winter isotopic values in the mountains should be 
less similar to the marine source moisture values than the Tucson values. 

Tucson and Santa Catalina Mts PPT o18o: Summer/Winter 

- Tucson, Arizona 

· · · · Santa Catalina Mts, Arizona 
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Figure 6 Weighted, seasonalized a1so in Tucson and Santa Catalina Mountains precipitation. The 

similarity between the two records helps support the use of cellulose a1so from the 
mountains as a long-term proxy for isotopic activity in Tucson precipitation. 
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Figure 7 Santa Catalina Mountains seasonalized meteroic water line (compare with Figure 1) 
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Oxygen Isotopes from Santa Catalina Mountains Cellulose 

Stable isotopic ratios of oxygen from the summer wood cellulose, a time of high 
humidity, reflect the mean-weighted isotopic ratios of the local (Tucson) precipita
tion during the period of growth (Figure 8). The correlation (r = 0.90) is similar to 
the correlations between the Tucson precipitation isotopes and the Pacific SSTs. 
Because a connection has already been demonstrated between the local mean
weighted stable isotopic ratios and eastern Pacific sea surface temperatures, it is 
not surprising that a high correlation is also found between cellulose produced 
during the summer and the same SST lags (Figure 9). Therefore, the possibility 
exists for a long-term reconstruction of Pacific SSTs using tree cellulose. 
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Figure 8 August-through-September weighted mean 6180 in Tucson precipitation and 6180 
values from Santa Catalina Mountains cellulose after the false latewood band (summer 
wood) 

The long-term stability of the spatia-temporal relationship identified between the 
SST data sets was explored using the entire SST time series to assess the poten
tial for long-term SST reconstruction (Figure 10). A five-year running correlation 
between the Nino 1 +2 and Nino 3 SST data sets at the previously identified time 
lags reveals a generally high correlation between the two regions. A single year in 
the 1960s and two years in the early 1990s account for departures from the high 
correlations. A simple running difference, Nino 3 minus Nino 1+2, reveals a fairly 
stable mean and variance in the data set. If this fifty-year level of stability is repre 
sentative of the pre-instrumental SST stability (a questionable assumption), then a 
reconstruction of Pacific SSTs from tree cellulose would be largely successful. 
However, the periods when spatia-temporal relationships between the SST regions 
depart from the long-term mean must be further explored in attempts to identify 
those departures using other non-instrumental data. 

106 



1998 PACLIM Conference Proceedings 

~ 
0 
::E 
en 
0 

(X) .... 
<.0 

Best Correlations: Tucson PPT o180 and 3 Month SSTs 

,----------------------------------------~ 19 

....... Tucson PPT: Aug-Sep 

---- Nirio1+2: Prev. Sep-.Nov 

27.5 

29.5 

80 82 84 86 88 

~ Nliio3: Prev. Aug-Oct 

• ..o. · Nino4: Prev. May-Jul 

90 

Year 

92 

. ·li. 

... . 

94 96 

23.5 

M' 24.5 
0 
IC 

z ... -. en 
• :::l 

·u; 
a:; 
~ 25.5 

26.5 

98 

20 

23 

00 

N' 
+ 

Figure 9 6180 values from Santa Catalina Mountains cellulose after the false latewood band 
plotted against three-month sea surface temperature means at the lags showing the 

highest correlations with August-through-September weighted mean 6180 in Tucson 
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An Overview of Western Climate Since PACLIM 1997 

Kelly Redmond 
Regional Climatologist 
Western Regional Climate Center 
Desert Research Institute 
Reno, Nevada 89506-0220 

The winter of 1997-1998 was remarkable in two senses. For the first time ever, a confident 
and credible long-term climate forecast-based on both historical observations and physical 
numerical simulations-was issued well in advance and, more importantly, taken seriously by 
a considerable fraction of the population . The widespread attention , and the sense of antici· 
pation , and in some cases apprehension, associated with this geophysical prediction, were 
part of a situation unprecedented in this country's history. Public interest remained high 
throughout the event which was in some sense a "watershed" event for climatology. The gen· 
eral perception of success will likely have significant ramifications for climate studies across 
a broad spectrum of topics extending beyond ENSO, as well as for future use of seasonal eli· 
mate predictions. 

Secondly, the weather itself made for yet another memorable winter. Prior to the cool season, 
a summer with a much delayed monsoon was followed by an active autumn tropical storm 
season, including six major hurricanes, and the two strongest on record . Split flow affected a 
number of autumn and early winter storms approaching the West Coast. After halting starts, 
an enhanced subtropical jet was firmly in place by early December. Exceptionally mild condi · 
tions persisted nearly the entire winter in the northern tier, with about the anticipated low 
number of cold outbreaks and expected temperature minima; the same region was generally 
dry. To the south, unusual snowstorms occurred . Powerful storms lashed California repeat· 
edly during February, converting steadily rising numbers of El Nino skeptics . Parts of the inte· 
rior Southwest overcame their winter-long precipitation deficit in February and March. In 
Hawaii, strong drought conditions developed and persisted, lead ing to the driest month ever 
in rainy Hilo. Wet conditions were found in parts of the coastal Pacific Northwest, a feature 
possibly characteristic of very strong El Ninos, and also in southwest coastal Alaska. In its 
temperature, precipitation, snowpack, and circulation patterns, this winter strongly resem· 
bled the canonical or "class ical " El Nino pattern . Its most surprising feature so far (early April 
1998) is the lack of major surprises-yet. 

How Does 1998 Compare with 1997 and 1983 on Floods and Water Supply? 

Maurice Roos 
Chief Hydrologist 
California Department of Water Resources 
P. 0. Box 219000 
Sacramento. CA 95821-9000 

Water year 1997-1998 was the fourth wet year in a row for northern California, unusual 
because this long series of wet years has happened only twice before this century. The previ · 
ous wet runs were 1940-1943 and perhaps 1904-1907 (with some doubt about whether 
1905 was wet enough to be labeled wet). Flood patterns in 1998 were strikingly similar to 
1983, although timing was different. Flood patterns were much different from that of the 
great New Year's flood of 1997. This time it was the coastal watersheds and smaller basins 
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which generated the floods . Another wet area was the upper Sacramento Valley where f lood· 
ing was comparable with the larger floods of record in spite of very effective flood control 
operations at Shasta Reservoir. Flood runoff from major Sierra rivers was not unusually large 
with peak three·day rates near median . 

Both January and February were extremely wet with February precipitation nearly triple nor· 
mal. However, the February storms were relat ively cool and helped build up a very large snow· 
pack in the mountains, especially in the Trin ity Alps, the southern Cascades, and the Sierra 
Nevada. Some of the largest snowpack percentages were on the ridge separating the Sacra· 
mento and Trinity river basins. It was the heaviest snowpack since 1983, also a strong El 
Nino year. The handling of snowmelt floods is not a problem for the Sacramento River system 
with its large rain f lood capacity. But San Joaquin River system floodways are only about one· 
tenth as la rge, which means the reservoirs and channels are strongly taxed in large snowmelt 
yea rs. The water supply forecasts are a valuable tool for coordinating releases and operating 
the reservoirs to minimize snowmelt flood damage. 

The Evolution and Impacts of the 1997-1998 El Nifto Event 

Tom Murphree 1, Frank Schwing2 , and Huug Van Den3 

1 Naval Postgraduate School 
Department of Meteorology 
Monterey, California 93943 

2SWFSC/NMFS/NOAA 
Pacific Fisheries Environmental Laboratory 
Pacific Grove, California 93950 

3NCEP /NMC/NOAA 
Climate Prediction Center 
Washington, D.C. 20233 
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We have examined a variety of oceanic and atmospheric anomalies in the Pac ific and North 
America before and during the 1997-1998 El Nino event. Our purpose was to identify the 
major processes which produced those anomalies, especially the mechanisms which gov· 
erned the event's evolution and its impacts on the North Pacific and North America . 

The impacts on North America were very pronounced from November 1997 through February 
1998. During much of this period, double wave trains were apparent, extending from both the 
anomalous heating and the anomalous cooling regions in the tropical Pacific into the North 
Pacific and North America. These wave trains reinforced each other over the northeast Pacific 
and much of western North America , leading to especially low sea level pressure and high 
precipitation there. The predicted temperature and precipitation anomalies for North Amer· 
ica from the Climate Prediction Center were, overall, quite accurate, especially for tempera · 
ture. These predictions were heavily based on the anomalies observed during previous El 
Nino events , especial ly previous strong events, such as the one in 1982-1983. Thi s suggests 
that the anomalies observed during November 1997 through February 1998 were, to a very 
large extent, the impacts of the ongoing El Ni no event. Our analyses of the forecasts' skill and 
of the dynamics of the observed anomalies strongly support this conclusion. In the south· 
western and Great Pl ains portions of the US, there were some differences between the 
observed and predicted precipitation anomalies, apparently due to the wave train out of the 
tropical central and eastern Pacific being farther east than expected . 

The November 1997 th rough February 1998 period of strong impacts on North America was 
preceded by a period of several seasons in which anomalies in the extratropical North Pacific 
region may have impacted the development of the El Nino event in the tropical Pacific. During 
April through June 1997, positive sea surface temperature anomalies in the northeast Pacific 
appear to have contributed to the development of anomalously low sea level pressure in the 
northeast Pacific. Thi s led to very weak southwestward trade winds out of the North Pacific 
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High, which probably made a strong contribution to the very rapid growth and extreme inten 
sity of the El Nino event during this time. During July through September 1997, anomalous 
atmospheric wave trains emanating from areas of unusual convective heating in east Asia 
helped keep the northeast Pacific High unusually weak, thereby helping to sustain the weak 
southwestward trade winds. 

Forecasting the Atmospheric Response to the 1997-1998 ENSO 

Kingtse C. Mo, M. Kanamitsu and X. L. Wang 
NCEP /NWS/NOAA 
Climate Prediction Center 
Washington, D.C. 20233-9910 

The ensemble forecasts have been performed for the 1997-1998 winter with tropical sea sur
face temperature (SST) anomalies taken from the CPC coupled model forecasts made in 
October 1997. Several ensembles were made to test the sensitivity of responses to the model 
resolut ion and init ial conditions. Each ensemble has five members with different initial condi
tions. There are total 15 forecasts and each forecast starts from mid-October 1997 to 15 
March 1998. The ensemble mean shows a wavetrain from the tropica l convective area to the 
Pacific-North American (PNA) region with high skill. The anomaly correlation over the PNA 
region is above 0. 75 . Over the United States, the model shows wet conditions in California, 
Texas, Oklahoma, and Florida and dry conditions over the Ohio Valley similar to the observed 
precipitation anomaly pattern . While both T62 and T40 models capture the standing wave 
response, the magnitudes of precipitation anomalies over the United States depend on the 
model resolution . The surface temperature anomalies indicate warm conditions over the 
northern United States and cold conditions to the south, but the magnitudes of anomalies 
are weaker than observed. While the model is able to capture the rainfall pattern over the 
United States, it fails to forecast the timing of California floods. 

To improve rainfall forecast over the western region, we nested the NCEP regional spectral 
model (RSM) into T62 model outputs. The RSM has 50 km resolution and it is able to resolve 
orographic-related features. Results will be given during the presentation. 

Measuring the Strength of ENSO Events: How Does 1997-1998 Rank? 

Klaus Wolter 
University of Colorado, Boulder 
NOAA-CIRES Climate Diagnostics Center 
Boulder, Colorado 80309-0449 

The current El Nino event has been hailed as the "EI Nino of the century," in effect surpassing 
the previous title holder: 1982-1983. Is this claim premature? How should we determine the 
strength of El Nino events? This talk addresses these issues by comparing the temporal evolu 
tion of a variety of ENSO measures for both events. The Multivariate ENSO Index (MEl) is 
prominently discussed, since it integrates the significant features of all observed surface 
fields in the tropical Pacific basin . Aside from the more obvious sea-level pressure and sea 
surface temperature data , the MEl monitors the zonal and meridional surface wind fields, 
near-surface air temperature, and total cloudiness. The contributions of each of these fields 
to the overall evolution of the 1997-1998 and 1982-1983 events are compared against each 
other and against the evolutions of other events since 1950. Conventional ENSO indices like 
the Southern Oscillation Index and various Nino-region sea surface temperature anomalies 
are considered as well. 

Although unprecedented in its growth and early size since at least 1950, the current event 
has recently ceded its "front runner" position back to 1982-1983 (using data through the 
end of February 1998). The final outcome of this "horse race" may not be decided until after 
PACLIM 98. 
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Toward Regional Downscaling of 1997-1998 El Niiio GCM Predictions 

Andrew W. Robertson 
University of California, Los Angeles 
Department of Atmospheric Sciences 
Los Angeles, California 90095 

General circulation models (GCMs) provide a basis for predicting the large-scale circulation 
changes in the North Pacific-North American (NPNA) sector, associated with El Nino. At best, 
however, they do not have sufficient spatial resolution to accurately represent precipitation on 
regional scales. A natural method of "downscaling" GCM predictions is to use empirical rela
tionships between large-scale atmospheric circulation patterns and regional daily tempera · 
tures and precipitation. 

We firstly derive observed downscaling relationships between the atmosphere's preferred low
frequency circulation patterns-"weather regimes"-over the NPNA sector, and distributions 
of local daily temperature and precipitation in eight subregions of the western US. The lead
ing observed regime is a "PNA-Iike" pattern , which is found to be more prevalent during El 
Nino winters. Over the central Sierra Nevada of California, for example, this regime is associ 
ated with an increased probability of precipitation . 

These empirical downscaling relationships are then applied to ensembles of prediction exper
iments made with two different atmospheric GCMs (AGCMs), driven by NCEP-predicted SST 
anoma lies over the tropical Pacific for the period October 1997 through March 1998. An 
ensemble of 20 AGCM prediction experiments and 20 controls has been made by M. Wehner 
and G. Balasubramanian using the LLNL-UCLA GCM (http:/ /www-pcmdi .llnl.gov/wehner/ 
clc.html). In addition , nine predictions and nine controls have been made with the higher res 
olution version of the UCLA AGCM by J Farrara (http:/ /unilab.atmos.ucla .edu/-vwk206/ 
fcst.html) . 

To be able to downscale these predictions , we investigate each model's low-frequency vari· 
ability in terms of its weather regimes . The LLNL-UCLA model's circulation regimes are not 
found to exhibit realistic spacial patterns and no marked changes were found between the 
regimes in the control - and prediction-ensembles, nor in their frequency of occurrence. In 
contrast, the UCLA GCM exhibits a fairly realistic PNA-Iike pattern and this weather regime is 
much more frequent in the 1997-1998 forecast ensemble compared to the control. Its pre
dicted increase in frequency of occurrence would imply a downscaled prediction for precipita · 
tion frequency in the central Sierra Nevada of the order of +10%. 

Biological-Physical Coupling in the Central Equatorial Pacific 
During the Onset of the 1997-1998 El Niiio 

Peter G. Strutton1, Francisco P. Chavez1, and Michael J. McPhaden2 

1Monterey Bay Aquarium Research Institute 
P.O. Box 628 
Moss Landing, California 95039 

2NOAA/PMEL 
7600 Sand Point Way NE 
Seattle, Washington 98115 
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The perturbations to phytoplankton biomass associated with the onset of the 1997-1998 El 
Nino event are described and explained using physical and bio-optical data from moorings in 
the central equatorial Pacific. The physical progression of El Nino onset is depicted from 
reversal of the trade winds in the western equatorial Pacific through eastward propagation of 
equatorially-trapped Kelvin waves and advection of waters from the nutrient-poor western 
equatorial warm pool. Fluctuations in chlorophyll and quantum yield of fluorescence are 
rightly coupled to thermocline variations associated with the passage of Kelvin waves. The 
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magnitude of the variations in chlorophyll implies at 50% reduction in primary productivity 
during the onset of El Nino. 

Regional Transport Covariability in the California and Alaska Currents 
During the Onset of the 1997-1998 El Ni:ii.o 

P. Ted Strub and Corinne James 
Oregon State University 
College of Oceanic and Atmospheric Sciences 
Corvallis, Oregon 97331-5503 

One of the central hypotheses of the US GLOBEC program in the northeast Pacific is that the 
strengths of the eastern boundary currents in the Subarctic Gyre (the poleward Alaskan Cur
rent) and the Subtropica l Gyre (the equatorward California Current) covary out of phase on 
interannual (ENSO) to interdecadal time scales. It is also hypothesized that this covariability 
is linked to changes in the strength or position of the West Wind Drift current, which flows 
eastward between the two gyres at approximately 45.N-so·N. The primary evidence for the 
covariability of the boundary currents comes from coastal tide gauge data, but the link to the 
West Wind Drift has not been tested . Altimeter data now provide the means of quantifying the 
covariability of the surface transports in all parts of the two gyres. Approximately five years of 
TOPEX/POSEIDON (T /P) data are used to show this variability on seasonal and (marginally) 
interannual time scales. The analysis of transports calculated from T /P and tide gauge data 
confirm the covariability of the boundary flow in the gyres on seasonal time scales. There is 
little connection to the West Wind Drift in the central North Pacific. The analysis of the non
seasonal variability is dominated by the 1997-1998 El Nino and shows the development of 
the coherent anomalous northward transport during the onset of this event between May and 
November 1997. 

El Ni:ii.o 1997: Simultaneous Extrema in Gulf of Alaska Oceanography 
and Sockeye Salmon Biology 

Skip McKinnell 
Ocean Science and Productivity Division 
Pacific Biological Station 
Nanaimo, British Columbia 

The most extreme SSTs recorded in much of the Gulf of Alaska co incided with the most 
extreme behavior of sockeye salmon in coastal British Columbia waters. The catch per unit 
effort (CPUE) of sockeye in the Noyes Island (SE Alaska) seine fishery in 1997 was twice the 
magnitude of the next to last value. In 1997, the highest recorded migration of Fraser River 
sockeye via the northern route (Johnstone Strait) occurred. The duration of the migration was 
one of the most protracted in history. Sockeye salmon were observed spawning in many 
coasta l streams and rivers where they had never been seen before, indicating large scale 
straying of sockeye from their native streams. Sockeye sa lmon are thought to be the most dil 
igent of the salmon species in seeking out their natal stream. DNA and other stock identifica
tion characteristics are being used to identify the source of the straying sockeye. 
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The Impact of the 1997-1998 El Nino on World Grain Yields 

Ray Garnett 
Canadian Grain Commission 
Winnipeg, Manitoba 

The 1997-1998 El Nino event which has often been referred to as the "EL Nino of the Cen
tury" has been the most benign event to affect world grain yields since 1960. During this 
short presentation, the first author will present a brief survey of its effects on world grain 
yields during 1997. 

It appears that the biggest negative impact during the summer of 1997 was on the Chinese 
corn crop and possibly the Chinese soybean crop as far as major drought impacts are con
cerned. Some problems were also evident in parts of North Africa which have been linked to 
El Nino. Elsewhere in the world, crop yields were much higher than many forecasters antici 
pated in countries such as Australia, India , and South Africa. 

El Nino, La Nina, and Flood Frequency in Arizona and Adjacent Regions 

Robert H. Webb 
US Geological Survey 
1675 W. Anklam Road 
Tucson, Arizona 85745 

The 1997-1998 El Nino conditions in the Pacific Ocean did not cause significant flooding in 
Arizona and adjacent parts of the lower Colorado River basin despite high winter rainfall. The 
typical mechanism for large winter floods in Arizona is rainfall on snowpack at elevations 
above 2,000 m. Most of the precipitation in the high-elevation areas of Arizona in the winter 
of 1997-1998 was snowfall , and although snow accumulations were high, the cool tempera 
tures of late winter and early spring spread the snowmelt out, preventing significant floods . 
The lack of a sustained incursion of tropical moisture borne in the subtropical jet is the rea
son for the difference in hydroclimatic response between the winter of 1992-1993 and 1997-
1998. The 1997-1998 response is in accord with the long-term climatological averages of 
flood frequency at the P = 0.01 level (otherwise known as the 100-year flood) doubles or tri
ples during ENSO cond itions, whereas flood frequency at the more common P = 0.50 to 0 .98 
level is unchanged . Warm ENSO conditions typically influences the variance and higher-order 
moments of flood-frequency distributions, leaving the mean unchanged. Despite the lack of 
floods during the winter of 1997-1998, the probability of flooding in September through 
October 1998, as a result of incursions of dissipating tropical cyclones, rema ins high, in 
accord with long-term history of these severe floods. 

Nonstationarity in ENSO and Its Teleconnections: An Exploratory 
Analysis and a Nonlinear Dynamics Perspective 

Upmanu Lall 1 , Balaji Rajagopalan2 and Mark Cane2 

1Utah State University 
Utah Water Research Laboratory 
Logan, Utah 84322-8200 

2Columbia University 
Lamont-Doherty Earth Observatory 
Palisades, New York 10964-8000 
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The time series of El Nino Southern Oscillation Indices exhibit many "non-stationarities" over 
the period of record . These include changes in the spectral signature, in the conditional and 
unconditional probability distributions of different ENSO sta tes, as well as for the basic sta
tistics (mean, variance, and autocorrelation) of the indicator over interdecadal to secular time 
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scales. The correlations of these indices with streamflow and other regional climate indica· 
tors also show significant nonstationarities over the period of record. An interesting observa · 
tion is that the correlations between the low frequency components of ENSO indicators (for 
example, a 30-year weighted moving mean and variance of NIN03) and corresponding low 
frequency components of several US streamflow series are very high, even when the full 
record correlations between the raw streamflow series and NIN03 are not statistically sign ifi · 
cant. In some cases, these correlations switch sign over the period of record. There is a sug
gestion that there is organization in the low frequency dynamics or the nonstationarity of 
ENSO and its teleconnections. There is some debate as to the source of such non-stationary 
climate variability. Two paradigms are of interest. The first considers the dynamics to be 
intrinsically linear and the nonstationarity due to changes in the forcing of the system, for 
example, by greenhouse gas and other related factors. This scenario may be associated with 
the apparent recent increase in the frequency and severity of El Nino events and their conti · 
nenta l impact. The second considers the apparent nonstationarities to be a manifestation of 
the internal nonlinear dynamics of the climate system. Under this paradigm, the evolution of 
the system takes place potentially at multiple time scales leading to regime structure in 
which different attributes or statistics of the state variables are revealed for protracted peri · 
ods of time. Such behavior may be identified through the integration of low-order dynamical 
systems with weakly unstable quasi -periodic nonlinear dynamics. Examples of such models 
include the Lorenz (1984) model of extratropical circulation and the xxx (What's best here: C· 
Z or delayed oscillator or other?) model of ENSO. It is unclear that linear correlative analyses 
and related tools (for example, spectra) are appropriate classifiers of such dynamics and 
their apparent non-stationarity. Nonparametric time series analysis methods that embody 
considerations of nonlinearity and nonstationarity in the dynamics are used to show that the 
return periods of recent ENSO extremes can be significantly smaller than those indicated by 
stationary, linear, autoregressive models applied to the prior period . Consequently, we argue 
that the role of internal dynamics and its long-term variability not be discounted when ascrib· 
ing recent climate trends to external causes . 

1997-1998: El Niii.o of the Past Three Centuries? 

Michael E. Mann1 , Raymond S. Bradley1, and Malcolm K. Hughes2 

1 University of Massachusetts 
Department of Geosciences 
Amherst, Massachusetts 

2University of Arizona 
Labora tory of Tree Ring Research 
Tucson, Arizona 

Inferences into long-term variability in El Nino and the global ENSO phenomenon over the 
past three centuries are obtained from mutiproxy-based reconstructions of global surface 
temperature patterns. The NIN03 index, diagnosed from the reconstructed surface tempera · 
ture patterns, is used to assess El Nino-related variability back to 1650. The calibration resid· 
uals are shown to be unbiased, allowing for a confident assessment of the uncertainties in 
the reconstructions . Wi thin the limits of these estimated uncertainties, we assess how anom· 
alous recent warm events such as the 1982-1983 and current 1997-1998 events are in the 
context of the multiple-centuries reconstructed history. We examine the anomalous nature of 
recent behavior in terms of both the frequency and magnitudes of warm (and cold) events. 
Possible long-term changes in the extratropical teleconnections of ENSO are also examined 
by examining the evolution of the relationship between the reconstructed NIN03 and large· 
sca le temperature patterns during past centuries . 
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What to Expect from an Extreme La Niiia-The Opposite of the Effect from 
an Extreme El Niiio? 

Martin P. Hoerling 
University of Colorado, Boulder 
NOAA-CIRES Climate Diagnostics Center 
Boulder, Colorado 80309 

Double the normal rain inundated Ca lifornia during October 1997 through March 1998, with 
El Nino awarded the blame. Central and northern California suffered the most, yet these 
areas are typically spared the brunt of El Nino's impact. Historically, El Nino's effect on the 
West Coast resembles a dipole, having a strong wet signal south of 40 degrees latitude, and a 
dry signal in the Pacific Northwest. Even this dry signal has failed to emerge however, with 
normal snowpack observed in the Cascades as of March 1998. 

Can we reconcile this abnormal rainy season with El Nino, and attribute it to the unprece· 
dented state of affairs in the tropics? Observations of such extreme events are too rare to 
yield a definitive answer, although nature offers some clues. Simulations using models of the 
atmosphere are very useful in this regard , and the weight of evidence from these is that 
extreme El Ninos do indeed have a unique footpr int on West Coast rainfall that is distinguish· 
able from the garden-variety El Ninos. What is on the horizon for the next Pacific west coast 
rainy season? El Nino is declining, and some predictions are for a significant cold event (La 
Nina) to be in place by fall 1998. Are the climate effects of an extreme La Nina equal and 
opposite those of El Nino and will recent flooding be replaced by future drought? Results from 
numerical models will be shown that demonstrate remarkable departures from such an intui · 
tive, linear view point. 

Watching Warm Events on Their Global Walkabout 

Gary D. Sharp 
Center for Climate and Ocean Resources Study 
P .O. Box 2223 
Monterey, California 93940 
http: I /www.monterey.edu/faculty /SharpGary /world 
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The idealized ocean has rarely received so much attention as during the recent string of 
ENSO-Low Southern Oscillation index years, initiating in 1990, and relenting for only 18 
months during 1995-1996. The general acceptance of the pattern of changes in the equato· 
rial Walker Circulation, and the upper ocean responses, has helped mart ial considerable 
change in the approaches made to monitoring, understanding, and attempting forecasts . The 
other end of the scale is the lack of appreciation for the longer-term consequences of these 
ENSO patterns, within the oceans, and across the spectrum of globa l weather affecters, such 
as their eventual transfer to and warming the upper ocean of Drake's Passage (that I 
observed for myself in January 1985), and changes in production pattern D5s as reflected in 
the decade of measurements associated with antarctic krill research . (Valerie Loeb, Moss 
Landing Marine Lab, personal communication) The near term heat dynamics of the upper 
ocean drives a downstream Do-Loop that is being identified within the research community 
that has been most obvious to those of us that have interests in biological response patterns 
to upper ocean climato logies , and events . 

In 1986, I began by running in reverse the 1982-1983 ENSO imagery from GOES-east and 
GOES-west satellites, allowing those without access to the hemispheric imagery the opportu · 
nity to see where their weather came from. At the same time, I began collating subsurface 
time-space plots of monthly mean upper ocean thermal structure along the coastlines, 
across the equatorial ocean and along selected ocean transects . These convinced me that the 
conventional concepts of what and where ENSO warm and cold events were occurring was 
faulty, and needed to be better understood . Early COARE studies began focusing on localized 
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heat and upper ocean circulation dynamics (Moum and others 1989; Moum 1998), and 
recently the addition of Ll DAR technology in the study of equatorial thermal flu xes filled the 
bill for defining the relevance of sma ll scale diel processes, and propagation of heat from 
point to point, across the upper ocean . Warren White's 1997 PACLIM presentation stimulated 
me to pull out some of these time series and organize my thoughts and experiences with 
nighttime ocean dynamics within water column, atmospheric transfers of heat energy to the 
east, and poleward of these initial processes. I put a number of relevant graphic images into 
my July 1997 NCAR ENSO Colloquim web site presentation , and I have since brought some of 
the time series out of retirement, to complete my message about upper ocean dynamics and 
the patterns of transfer and ecological responses that ensue, along western North and South 
America , South Africa, and from the Japan Sea south to Indonesia. 

There are several givens: (1 ) pelagic fi sh populations are directly affected and predictable; (2) 
following the patterns of energized upper ocean holds the key to forecasts of both weather 
and ecosystem responses ; and (3) the official concepts of the late 1970s and 1980s that El 
Nino was a phenomenon off northern South America, in which the SST rises by 2 oc are 
finally falling away, open ing the door to global ocean and atmospheric relationships . I have 
always wondered that this should not have been a starting place, given the existing archived 
information and understanding what was available (as per Allan and others 1997). If the 
North American research community had looked far enough upstream, in time space and in 
the libraries of the various nations they encountered, there might have been a lot more 
progress made more quickly. In add ition , maybe the conclusion that enhanced rainfall also 
enhances insect disease vectors would not have been so surprising. A time series of disease 
outbreaks and cl imate relations has been available for decades or maybe even centuries. 

Interaction between ENSO and the North Pacific Oscillation: Implications 
for Long-range Predictability of Intraseasonal Hydrologic Extremes in the 
Western US 

Alexander Gershunov, Tim Barnett, Dan Cayan and Larry Riddle 
Scripps Institution of Oceanography, Climate Research Division 
University of California, San Diego 

The existence of persistent quasi -decadal variabi lity in the Pacific sector climate has impor· 
tant implications for long-range climate predictability in North America . The spatial manifes· 
tat ions in climate variables around the tropical and north Pacific associated with the North 
Pacific Oscillation (NPO) and ENSO are rather similar. This suggests that ENSO influence on 
the US climate can depend on NPO phase. We show that this is indeed the case and discuss 
implications for ENSO-based long-ra nge hydroclimate predictability. ENSO-based predictabil · 
ity depends on the strength and stability of the El Nino and La Nina signals. We examine the 
effect of the NPO on ENSO-based predictabil ity of two hydrologic variables in the western US: 
cold -season heavy precipitation frequency (HPF) and springtime high streamflow frequency 
(HFF) events. Both HPF and HFF describe interannual variability in daily extremes and are 
closely related to flooding. Moreover, HPF and HFF are known to be sensitive to ENSO in the 
western US. Using six decades of daily observations, we compare El Nino and La Nina HPF 
and HFF signal strength and stability during the high-and low-phase epochs of the NPO. 
Results suggest that ENSO-based predictability is strongly modulated by NPO phase in a 
manner consistent with physical considerations . 
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Interpreting the Observed Patterns of Pacific Ocean Decadal Variations 

Art Miller 
Scripps Institution of Oceanography, Climate Research Division 
La Jolla, California 92093-0224 

Basin-scale variations in oceanic physical variables are thought to organize patterns of bio
logical response across the Pacific Ocean over decadal and interannual time scales. Different 
physical mechanisms can be responsible for the diverse basin-scale patterns of SST, ther
mocline depth, and horizontal currents, although they are linked in various ways . Using 
Pacific basinwide ocean model hindcasts of the last 30 years for guidance, we interpret 
observed basinwide patterns of decadal-scale variations in upper-ocean temperatures. Ther
mocline changes off the North American coast are linked to westward-intensified thermocline 
changes driven by the increase in North Pacific wind-stress curl during the 1980s. Surface 
currents likely respond to the adiabatic forcing of this wind stress cu rl, forcing and thus fol 
lowing these thermocline changes . Anomalous subduction of cool waters in the central North 
Pacific is associated with intense diabatic cooling and mixing during the winter of 1983. 
Although this temperature variation has a decadal time scale, and although it connects the 
ad iabati c changes of the subpo lar and the phase-lagged subtropical gyre, it appears to be 
physically distinct from the westward -intensified thermocline changes. The implications of 
these results for hypothesized physica l mechanisms of Pacific interdecadal variability and 
possible biological responses will be discussed . 

Oceanwide Winter Drift Trajectories in the North Pacific Ocean Computed 
with the OSCURS Model Show Decadal and El Niilo Patterns 1901-1998 

W. James Ingraham, Jr. 1 and Curtis C. Ebbesmeyer2 

1Alaska Fisheries Science Center-NMFS-NOAA 
7600 Sand Point Way NE 
Seattle, Washington 98115-0070 

2Evans-Hamilton, Incorporated, Western Region 
4608 Union Bay Place NE 
Seattle, Washington 98103 
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Sea surface drift trajectories from 201 start points spread across the North Pacific were sim
ulated using the OSCURS (Ocean Surface Current Simulations) model for each winter (1 Dec 
to 28 Feb) during 1901-1998. To reveal decadal fluctuations in the oceanic current structure, 
the trajectories were smoothed in time with a five-year running boxcar filter. As the strongly 
decadal drift from Ocean Weather Station Papa fluctuates between north and south modes, 
other portions of the subarctic and subtropical gyres also change, but show varying degrees 
of low frequency fluctuations. Time variability of major circulation features were calculated 
but not limi ted to the eastward drift from Papa, the split in flow off Washington , the great gar
bage patch under the Northeast Pacific Atmospheric High, and the rapidly circulating gar
bage patch seaward of the Kuroshio. Interannual patterns associated with El Nino years are 
discussed. Development of OSCURS was motivated by the need in fisheries research for indi 
ces that describe variability in ocean surface currents. These synthetic data, derived through 
empirical modeling and calibration, provide insight that far exceeds their accuracy limita
tions. OSCURS dai ly surface current vector fields are computed using empirical functions on 
a 90 km ocean -wide grid based on monthly mean sea level pressures (1900-1945) and daily 
sea level pressures (1946-1997); long-term-mean geostrophic currents (0/2,000 db) were 
added. The model was tuned to reproduce trajectories of satellite-tracked drifters with shal 
low drogues from the eastern North Pacific. 
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A Comparison of Ship Winds with NSCAT Scatterometer Measurements in 
the Western Equatorial Pacific Warm Pool During January-February 1997 

Kyozo Ueyoshi 
Japan Marine Science and Technology Center, Ocean Research Division 
Yokosuka, 273 Japan 

A recent study by Bourassa and others (1997) suggests that NSCAT scatterometer sea sur
face winds agree very well with winds observed from ocean research ships if these measure
ments simultaneously occur in a narrow spatial and temporal span. In this paper NSCAT 
Level 2.0 winds are compared with observations from an ocean research ship in the western 
equatorial Pacific warm pool during January through February 1997. Agreement (or disagree
ment) appears reasonable considering much larger spatial ranges and time differences 
allowed (up to 6 hours) between NSCAT measurements and ship observations when a sepa 
rate study indicates that winds in the open tropical sea become rapidly uncorrelated with 
themselves within about one hour. Overall bias of ship winds toward higher wind speeds even 
after taking into account the stratification of air could not be attributed entirely to large spa 
tial and time differences between two kinds of observations. It is suggested that the ship's 
structure on the air current around the ship has serious effects on the wind measurements 
aboard the sh ip. 

Decadal Patterns in a Sandy Subtidal Community: Effects of Decreased 
Oceanic Productivity 

Stacy L. Kim, JohnS. Oliver, and Peter N. Slattery 
Moss Landing Marine Laboratories 
P.O. Box 450 
Moss Landing, California 95039 

As the field of ecology matures, we can look at patterns over decadal time scales. Communi 
ties in soft-bottom marine habitats (6 to 30 m water depth in Monterey Bay) are divided into 
two general zones. A shallow zone ( <14 m) was primarily occupied by small , mobile crusta
ceans. The deeper zone (>14 m) was dominated by tubiculous and burrowing polychaete 
worms. A short-term (1971-1976) study in this area revealed that species abundances and 
diversities remained constant and the zonation pattern was consistent and controlled by 
wave action . In 1997, biodiversity had decreased at all stations sampled . The abundances of 
individuals had also decreased, to one-tenth the densities found in the early 1970s. This 
decrease is most marked in long-lived species, resulting in relatively high abundances of 
opportunistic, weedy species. The communities, especially at the deeper sites, have shifted 
from ones dominated by sedentary predators to ones dominated by mobile scavengers. The 
remarkable loss of diversity and number of animals are indicators that there has been a 
major shift in this ecosystem in Monterey Bay. This agrees with information from oceanic 
studies on the coast of southern California that have observed a marked decrease in the pro
ductivity of planktonic communities over the same t ime frame. It suggests that the shift in the 
California current system, caused by global changes in climate, is having strong effects both 
locally and regionally. This is the first example we know of that reveals how a regional 
decrease in productivity impacts the structure of extant marine communities. 
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Climatic Inferences from a 1200-year Tree Ring Reconstruction of 
Sacramento River Flow 

David M. Meko, Christopher H. Baisan, and Malcolm K. Hughes 
University of Arizona 
Laboratory of Tree Ring Research 
Tucson, Arizona 85721 

Tree ring data and other proxy information indicate that between about AD 900 and AD 1350 
the southern Sierra Nevada experienced hydrologic droughts longer and more severe than at 
any time since. We have recently developed a millennial·length, drought-sensitive, tree ring 
chronology from western Juniper (Juniperus occidentalis) in southern Oregon and combined 
this with other long chronologies to generate a streamflow reconstruction suitable for esti · 
mating long-term hydrologic drought occurrence in the critical water supply area of northern 
California . The reconstruction can be interpreted as an indicator of cool ·season moisture con· 
ditions reflecting variations in primarily winter precipitation. The percentage of variance of 
annual Sacramento River f low accounted for by subperiod reconstruction models exceeds 
60% for models applied after AD 900 and 80% after AD 1700. The long-term mean for the 
entire AD 700-1997 reconstruction is approximately equal to the modern 92-year mean 
(1906-1997) of 18.0 million acre.feet from gaged data . The reconstruction does, however, 
contain considerable low·frequency variabi lity, as evidenced by swings in 100-year recon· 
structed mean flow more than 15% above and 10% below the 1907-1997 gaged mean. Of 
particular climatic significance, reconstructed flow was high during the period AD 900-1100, 
when other paleoclimatic data suggest severe drought in the southern Sierra Nevada . This 
opposition lends support to a theory of a persistent northward·displaced storm track at the 
time. 

Evidence for ENSO in Tree-Ring o13C along a 500-km E-W Transect in 
Southern Arizona and New Mexico 

Steven W. Leavitt1 , William E. Wright1, and Austin Long2 

1 Laboratory of Tree Ring Research and 2Department of Geosciences 
The University of Arizona 
Tucson, Arizona 85721 
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Ponderosa pine tree rings were sampled at ten sites in nine mountain ranges extending from 
the Santa Catalina Mountains in southern Arizona to the Guadalupe Mountains in southern 

New Mexico. We developed stable-carbon isotope (013C) chronologies at eight sites for 1985-
1995 by pooling rings from multiple trees at each si te, subdividing rings into pre· and post· 

summer monsoon·onset segments, and analyzing the cellulose component. The o13c values 
are considered a useful proxy of the seasona l moisture stress experienced by the trees . Two 
chronologies developed at separate sites in the Chiricahua Mountains, Arizona, showed good 
coherence despite being separated by about 13 km and 800 m of elevation . This evidences 
effective reproducibility of the method, with the differences between the two chronologies 
perhaps a consequence of the microclimatic/hydrological disparities between sites . For the 

full network of chronologies, the 613c seasonal pattern shows remarkable coherence across 
the full length of the transect, with the farthest east Sacramento Mountains chronology tend · 
ing to be more frequently dissimilar with respect to those farther westward . The strongest 

correlations (positive) were between 613c of the earliest formed portion of the rings and 
Southern Oscillation Index, consistent with reduced moisture stress early in the growing sea· 
sons of El Nino years and higher moisture stress in La Nina years. 
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ENSO Teleconnections: Sea Surface Temperature Correlations with o180 in 
Southeastern Arizona Precipitation and Tree Cellulose 

William E. Wright1 , Steven W. Leavitt1, and Austin Long2 

University of Arizona 
1 Laboratory of Tree Ring Research 
2Department of Geosciences 

Tucson, Arizona 85721 

Many researchers have identified the eastern Pacific and Gulf of California as the dominant 
maritime summer moisture source for southeastern Arizona . Despite this understanding, 
strong direct El Nino-Southern Oscillation (ENSO) teleconnections with precipitation and 
temperature in the region have not been identified. Our research identifies clear ENSO tele
connection between precipitation in southeastern Arizona and eastern Pacific sea surface 
temperatures manifested in the year-to-year variance of the precipitation stable isotopic 
ratios. 

Stable isotopes in Tucson , Arizona precipitation (o18o and OD) have been analyzed per event 
from 1981 to present, a unique t ime series in the western United States. High correlations 

are noted between weighted 6180 summer season values with eastern Pacific sea surface 

temperatures (SSTs). Cellulose 6180 values derived for the same period from ponderosa pine 
trees in the Santa Catalina Mountains near Tucson also reveal high correlation with local pre
cip itat ion 6180 and eastern Pacific SSTs. 

The Late 1500 Severe Sustained Drought in the Colorado River Basin: 
Is It Real? 

John Dracup1 , Hugo Hidalgo 1, Glen Macdonald2 , and Thomas Piechota1 

University of California, Los Angeles 
1 Department of Civil and Environmental Engineering 
2Department of Geography 

Los Angeles, CA 90095 

The Colorado River Basin (CRB) supplies water to nearly 25 million people and to more than 
one mill ion acres of western farmland . The river's hydroelectrical plants generate about nine 
billion kilowatt-hour of electr icity each year. It also holds six national parks and many recre
ational parks that provide benefits difficult to quantify. Thus, the CRB represents an impor
tant resource of water, especially for the western United States, that justifies any effort aimed 
to expand the knowledge of the basin characteristics and to optimize its regulation. For thi s 
reason , a series of regu lations and laws were produced from 1922 to 1963 with the purpose 
of issuing policies regarding the water allocation in the CRB. The sum of all of these regula 
tions is known as "The Law of the River." 

Recently, historical severe and sustained droughts (SSD) in the upper Colorado River basin 
(UCRB) have been identified based on dendrochronology studies . These studies indicate that 
a SSD occurred in the basin during the period 1573-1592. Certain individuals or entities 
consider these findings to be an accurate enough for determining the future availability of 
surp lus water to the lower basin states, and to warrant changing the current "Law of the 
River." The objective of this study is to verify the existence of a drought in the late 1500 cen
tury, and then if its existence can be confirmed, what are the characteristics of this drought 
(duration , magnitude, and severity)? To accomplish that, it is necessary to review and to 
improve previous studies in the UCRB, focusing on assessing the accuracy of the duration, 
magnitude and severity of this drought, by collecting new data and applying new and more 
precise techniques in the flow reconstruction . In addition we will review other high temporal 
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resolution paleoclimate ind icators, to determine the synoptic climatology of this drought. It 
is unknown at this time whether the results of this research effort will or will not confirm the 
duration, magnitude and severity of the reconstructed 1573-1592 SSD scenario in the UCRB. 
However, the potential consequences that may arise from the existence of this scenario to the 
lower basin states cannot be ignored. 

Glacial to Interglacial Contrasts in Organic Matter Production and 
Preservation on the California Continental Margin 

Walter E. Dean 1 and James V. Gardner2 

1US Geological Survey, MS 980 Federal Center, Denver, Colorado 80225 
2us Geological Survey, 345 Middlefield Road, Menlo Park, California 94225 

The production and accumulation of organic matter on the upper continental slope (200-
2,700 m) off California and southern Oregon was markedly different during the last glacial 
interval (about 24-10 ka) than either the Holocene or last interstadial (oxygen-isotope stage 
3, about 60-24 ka). In general, organic productivity on the California and Oregon margins 
was higher during the Holocene and stage 3 than those deposited during the last glacial 
interval and this contrast is greatest off southern California . Th is glacial -interglacial pattern 
in productivity is in contrast to the commonly held view that productivity in the world ocean 
was higher during the last glacial interval (for example, Sarthtein and others 1998). However, 
this latter conclusion is based ma inly on data from the eastern equatorial Pacific and off 
northwest Africa. highest productivity on the California margin over the last 60 ky occurred 
during certain intervals with in oxygen-isotope stage 3 when organic-rich laminated sediments 
accumulated within the present oxygen-minimum zone on the upper continental slope from 
as far north as the Oregon-California border to as far south as Point Conception . These upper 
Pleistocene-laminated sediments, interbedded with bioturbulated sediments , contain more 
abundant, hydrogen-rich (type II), marine algal organic matter than even surface sediments 
with large amounts of labile, marine organic matter. The stable carbon-isotopic composition 
of the organic matter does not change with time between bioturbated and laminated sedi· 
ments , indicating that the greater abundance of type II organic matter in the laminated sedi· 
ments is not due to a change in source, but rather represents a greater degree of production 
and preservation of marine organic matter. The laminated, and even some non-laminated, 
stage 3 sediments contain concentrations of molybdenum that precipitated as sulfides from 
sulfidic bottom waters . The presence of organic· and molybdenum-rich laminated sediments 
ind icates that the oxygen minimum zone in the northeastern Pacific Ocean was more intense 
and probably anoxic during the late Pleistocene as a result of increased coastal upwelling 
that enhanced algal productivity. 

Estimates of Glacial Climate and Runoff for the Bonneville Basin 

Marina Timofeyeva, Susanne Clement, and Rachael Craig 
Kent State University, Department of Geology 
Kent, Ohio 44242 
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We estimate climatic conditions in the basin of Lake Bonneville at the time of the last glacial 
(glacial) using a local climate model. When comparing modern temperature solutions (spatial 
average) to those for the glacial , we f ind that glacial climate was cooler on average by 3.2• C. 
During the glacia l winter (November through April), the temperature is as much as 6 .3• C 
cooler and averages 4 .4· C cooler, while the glacia l summer (May through September) is only 
1.5• C cooler when compared with modern conditions and July is actually 0.3· C warmer than 
modern . The glacial age seasonal distribution of precipitation is more variable than today. 
Wet season precipitation (November through April) is estimated to be 2.3 times higher on 
average for the glacial , while dry season precipitation (May through October) is estimated to 
be 1.8 times higher. Precipitation is greater at the glacial in all months and the larger 
increase in winter leads to much greater snowpack. Rainfall is less in winter as a result of the 
cooler temperatures; more precipitat ion falls as snow. This implies fewer rain-on-snow events, 
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Jess ripening of snowpack, and delays in snowmelt compared to modern. Using a modified 
version of a previously-developed runoff model , driven by the output of the climate model , we 
find that runoff during the glacial was 3.1 times higher during the warm season (May through 
October) but was unchanged during the cold season (November through April), which is 
expected due to precipitation remaining trapped as snowpack for a longer time. The runoff 
peak occurs at the same time (May), but reaches that peak much more abruptly at glacial 
compared to modern. These model solutions compare favorably with paleoclimatic and pale· 
ohydrologic ev idence from the Bonneville Basin at this time, which suggests the following: (1) 
increased abundance of subalpine conifers and shrubs; (2) extensive valley glaciers in the 
Wasatch ; (3) an increase of runoff of two to three times; (4) large prograding deltas at the 
mouths of the major rivers ; and (5) the existence of a high stand of Lake Bonneville. 

A Revised Hypothesis for Evolution and Biogeography of Monterey Pine 
(Pinus radiata) Inferred from Fluctuating Quarternary Climates 

Constance I. Millar 
US Department of Agriculture Forest Service, PSW Research Station 
Albany, Califomia 94 706 

Monterey pine (Pinus radiata) evolved 15-25 million years ago in Latin America and migrated 
northward to Californ ia in the late Tertiary, where it now occurs in three disjunct coastal loca· 
tions and on two Mexican islands. Evidence from microfossils and oxygen -isotope ratios in 
sediment cores documents that Quarternary coastal climates have fluctuated with long (gla · 
cial and interglacial), medium (interstadial), and short (ENSO-Iike events) periodicities over 
the last million years. Historical plant abundances in coastal California habitats reflect these 
fluctuating climates. Pines, notably Monterey pine, appear to occupy a macrosuccessional 
role, shifting locations along the coast with increasing representation during transitional eli · 
mates. That is, during terminations of glacial periods, interstadials, and other cooler inter· 
vals, coastal pine increases in abundance, whereas it decreases during other climate phases. 
Such evidence is used to reject the traditional hypothesis that Monterey pine was broadly dis· 
tributed along the coast throughout the Pleistocene and that the Hypsitherm triggered con· 
traction into present relictual populations . Instead, it is postulated that the species has a 
metapopulation strategy and has long existed as a complex of distinct populations that have 
been subject to repeated events of colonization , coalescence, and local extirpation that follow 
cl imate cycl es. 

ENSO and the Glen Canyon Dam Adaptive Management Program: Eastern 
North Pacific Forcing of Paria River Floods in 1997 

David J. Topping1, Theodore S . Melis2 , and RogerS. Pulwarty3 

1US Geological Survey, WRD, Lakewood, Colorado 
2 Grand Canyon Monitoring and Research Center, Flagstaff, Arizona 
3 CIRES, Climate Diagnostic Center, Boulder, Colorado 

Since completion of Glen Canyon Dam in March 1963, most fine sediment (sand , silt , and 
clay) crucial to the riparian and aquatic environments of the Colorado River ecosystem in 
Grand Canyon National Park (GCNP) is derived f rom the Paria and Little Colorado rivers. 
These tributaries deliver large quantities of fine sediment to the Colorado River during short· 
duration , high-magnitude floods. Advance notice of tributary flooding may allow better coor· 
dination of the timing of managed high releases from Glean Canyon Dam to improve sedi · 
ment conservation throughout the Colorado River ecosystem in GCNP. Recent monitoring of 
sediment input to the Colorado River during Paria River floods in September 1997 suggests 
that, under normal powerplant releases from Glen Canyon Dam, the residence time of the f in· 
est sediment (very fine sand and finer-sized material) in the Colorado River is relatively short. 
Because effective management of the Colorado River ecosystem in GCNP requires that the 
dam be operated to retain as much of the tributary-supplied fine sediment in GCNP for as 
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long as possible, it is desirable to not only know the magnitude of tributary sediment-supply
ing events (as they occur) but also to have the ability to forecast these events. 

To date, we have focused on the Paria River, with emphasis on the development and testing of 
a physically based model for calculating real-time inputs of fine sediment to the Colorado 
River (Topping 1997). Our current work focuses on developing moderate and short-term fore-

casting procedures for predicting extreme flows from this basin. The Paria drains 3,730 km2 

of southern Utah and northern Arizona and is an ephemeral stream dominated by the infre
quent, large floods of short duration. From November 1923 through September 1997, the 

mean 15-minute discharge at its mouth was only 0 .77 m3 /s, while the mean annual peak 

discharge was 88 m3 /s, the bankfull discharge was 90 m3 /s, and the largest flood had a peak 

discharge of about 320 m3/s. To illustrate the flashy nature of the river, the bankfull dis
charge, with a return period of about two years, was equaled or exceeded a total of only 
104.5 hours in the 73.9 years of gage record (in other words, only 0.022% of the time). Large 
Paria River floods can occur during any season, but most occur from mid-July through mid
October, and are generated by rainfall in the uppermost 14% of the drainage basin (Topping 
1997) from either local intense thunderstorms or dissipating tropical storms in the eastern 
North Pacific Ocean. 

The two-month period of August and September 1997 was on of the most significant periods 
of sediment transport in the Paria River this century. During this time, approximately 7.6 x 

105 m3 (2 .2 million tons) of sand and 9.2 x 105 m3 (2.7 million tons) of silt and clay were 
delivered to the Colorado River by a series of large floods in the Paria River. Most of this sedi
ment input occurred during four large floods (three of which had peak discharges greater 

than bankfull), a 116m3/son September 15 and a flood of 93m3/son September 26. These 
floods resulted from dissipating tropical storms in the eastern North Pacific Ocean. Nor
mally, Pacific tropical storms do not reach as far north as Arizona and Utah. However, these 
storms may indirectly cause flooding on rivers in the southwestern US when moisture is 
advected inland from these storms as they move northward offshore of northern Mexico and 
southern Californ ia. Also, when conditions allow, such storms may cause flooding as they 
recurve inland and dissipate over areas as far north as California, Nevada, Arizona, New Mex
ico, Utah, and Colorado. 

The Paria River has produced bankfull or larger peak discharges 41 times between water 
years 1924 and 1998. Twenty-five of these 41 peaks (61%, all mid-July through mid-October) 
are believed to have been caused by combined tropical storm and monsoon precipitation. Of 
these 25 floods, 15 (36%, four in August, nine in September, and two in October), are docu
mented as having been triggered by dissipating eastern North Pacific Ocean tropical storms 
(Hansen and Schwarz 1981; Smith 1986). In many cases, precipitation from tropical storms 
apparently provided wet antecedent conditions for later monsoon-induced floods. Because 
increased sea surface temperatures to the north allow tropical storms to maintain strength 
and migrate further north along the Mexican coast, we suspect that during ENSOs (and as we 
observed from August through September 1997) the following all increase: advection of mois
ture into Arizona and Utah from tropical storms; the recurvature of tropical storms landward; 
and the interactions of tropical storms with cutoff lows. Advance forecasts (up to 14 days) of 
the atmospheric and oceanic conditions that cause extreme Paria River flows may allow bet
ter-planned releases from Glen Canyon Dam. Coordination of high releases during or immedi
ately following tributary floods would promote conservation of limited and infrequent 
sediment inputs to the Colorado River ecosystem, particularly in its most sediment-starved 
upper reaches above the Little Colorado River confluence. 
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Time Scales of Variability in the Colorado River Basin: Implications for the 
Glen Canyon Adaptive Management Program 

Roger S. Pulwarty1 , Theodore S. Melis2 ,Terrance S. Fulp3 , Randall Peterson4 

1CIRES/Climate Diagnostics Center, Boulder, Colorado 
2US Department of the Interior 

Grand Canyon Monitoring and Research Center, Flagstaff, AZ 
3us Bureau Reclamation and CADSWES 

University of Colorado, Boulder, Colorado 
4US Bureau of Reclamation 

Salt Lake City, Utah 

The Glen Canyon Adaptive Management program is intended to preserve and restore 
resources of the Colorado River ecosystem downstream of Glen Canyon Dam, as mandated 
by the 1992 Grand Canyon Protection Act, and the preferred operating alternative adopted by 
the Secretary of Interior in the December 1996, Record of Decision . Adaptive management is 
a process of learning through experimentation . At present, the experiments consist of man
aged high releases from Glen Canyon Dam, agreed upon by stakeholders, for the purpose of 
habitat restoration. The presently adopted hydrologic triggers for these flows are contingent 
on year-to-year and season-to season climate variability, but are limited to high-flow periods 
within the upper basin runoff season (January through July). The 1997-1998 ENSO event, 
because of its similarity in magnitude to 1982- 1983, has resulted in changes in dam opera 
tions at Glen Canyon for this spring with impacts on flood control, power operations, and the 
establishment of triggering criteria . These triggers are also related to antecedent conditions 
of storage in Lake Powell, and resource criteria related to long-term management objectives 
(ecosystem and water resources). 

Many management objectives also have to be met over periods of a decade or longer, such as 
Colorado River Compact releases of 75 million acre-feet per ten-year period, and recruitment 
of long-lived (30 years) endangered fishes, such as humpback chub. Variability of down
stream sediment supply on longer time scales will be discussed by Topping, Melis, and Pul 
warty at this meeting. 

This study is a preliminary analysis of (1) natural -streamflow variability within the Colorado 
River Basin during this cen tury at 29 nodes used for operational decision support and (2) the 
relationship of th is information to the adaptive management process at Glen Canyon and 
Grand Canyon. Emphasis will be placed on the four following runoff-related issues: (1) intra
basin spatia l variations; (2) decadal -to-interannual sca le variations; (3) shifts in seasonal run
off patterns during the January through July period, and (4) an assessment of historical basin 
hydrology with respect to the likelihood of meeting triggering criteria for past years. 
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ENSO Phase, Streamflow, and Precipitation Frequency and 
Persistence 

Kelly Redmond 1, Dan Cayan2 , and Larry Riddle3 

1Western Regional Climate Center 
Desert Research Institute 
Reno, Nevada 

2Scripps Institution of Oceanography and US Geological Survey 
La Jolla, California 

3Scripps Institution of Oceanography 

Previous studies have shown that frequency distributions of daily precipitation and stream
flow vary according to ENSO phase, especially in the upper percentiles. Further, the stream
flow signal pattern in the west is an accentuated version of the precipitation signal pattern . 
The sense of the relation is wet winters in the Southwest with El Niiio, opposite in the North· 
west , and the opposite pattern for La Niiia. High streamflow is favored by heavier, more fre
quent, and more persistent precipitation . Point data show that where ENSO phase produces 
higher runoff, (1) there are more days with precipitation , (2) there is more precipitation per 
precipitation day ("rainy" day), and (3) the conditional probability of a wet day given a previ 
ous wet day (which is always higher than the unconditional probability of a wet day) increases 
even more. A moving window technique shows these effects are present from about October 
until late March or early April. Composites of daily pattern progressions show more zonal 
structures in the Southwest for El Niiio cases and more highly amplified shorter wavelength 
patterns for La Niiia . 

Winter Freshening of the Northeastern Pacific Coastal Plume by 
Interseasonal Reservoir Division of the Columbia River 

C.C. Ebbesmeyer1 and W. Tangborn2 

1 Evans-Hamilton, Incorporated 
731 N. Northlake Way 
Seattle, Washington 98103 

2 HyMet, Incorporated 
366 Eastlake Avenue 
Seattle, Washington 98102 
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Numerous reservoirs in the Columbia River watershed divert large volumes of river discharge 
from summer to winter, thereby contributing a net freshwater addition to the coastal plume of 
brackish water flowing northward along the northeastern Pacific Ocean . This addition (-44 
km3 annually) accounts for a large portion of the long-term (1935-1993) decreasing trends 
of winter coastal sea surface salinities along a significant length of the North American coast. 
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Development of an Exceedance Probability Streamflow Forecast Using 
ENSO and Pacific SST Predictors 

Thomas Piechota 1, John Dracup 1, Francis Chiew2 and Thomas McMahon2 

1University of California, Los Angeles 
Civil and Environmental Engineering Department 
5732 Boelter Hall 
P.O. Box 951593 
Los Angeles, California 90095-1593 

2University of Melbourne 
Cooperative Research Centre for Catchment Hydrology 
Parkville, Victoria 3052, Australia 

Recent research at the Australian Bureau of Meteorology Research Centre (BMRC) has 
focused on predicting seasonal rainfall from Pacific Ocean sea surface temperatures (SSTs). 
The work here is a seasonal streamflow forecast methodology that uses the SST series in con· 
junction with a El Nino Southern Oscillation (ENSO) indicator and the serial correlation of 
streamflow. These forecast take the form of a continuous probability of exceedance of stream· 
flow at varying levels. The use of a continuous probability of exceedance forecast gives water 
authorities a wider range of options for using the forecast based on their assumed risk level. 
An objective measure of the skill of the forecast is the Linear Error in Probability Space 
(LEPS) score, which was originally developed for assessing the position of forecast and 
observed values in the cumulative probability distribution and can be used for continuous 
and categorical variables. An optimal linear combination of the four predictors is developed 
by minimizing the LEPS score of the overall forecast. This seasonal streamflow forecast 
model is tested on five stations in Ea stern Austral ia for the time period 1950- 1996. Prelimi · 
nary results suggest that forecasting of austral winter and spring streamflow are best accom· 
plished with the previous season streamflow (in other words, serial correlation of 
streamflow). However, summer and autumn streamflow are best predicted using a combina
tion of the previous season streamflow with either the ENSO indicator or a SST series. The 
methodology presented here may have implications for seasonal and long-range streamflow 
forecasting in other Pacific Rim countries. 

Medium-range Prediction of Snowmelt Streamflow Surges in the Merced 
River, Sierra Nevada, 1996-1998 

Michael Dettinger1, Daniel Cay an 1, David Peterson2 , and Henry Diaz3 

1US Geological Survey, Scripps Institution of Oceanography, La Jolla, California 92093-0224 
2us Geological Survey, MS 412, 345 Middlefield, Menlo Park, California 94025 
3NOAA/ERL/Climate Diagnostics Center, 325 Broadway, Boulder, Colorado 80303 

Streamf low in the upper Merced River, as in many rivers of western North America (West), is 
dominated by surges of runoff from melting snow. During most years, the largest surges in 
the Merced River are in springtime and are part of a regional-scale transition from low winter
time streamflow rates to high springtime rates in high-altitude rivers throughout the West. 
During some winter storms (for example, New Year's Day 1997), regional episodes of snow
melt also occur in response to storms that bring warm rains to the snowpacks. The snowmelt 
episodes measured by Merced River streamflow variations are reflected almost simulta · 
neously by other rivers over a large part of the West and yield rapid increases in streamflow 
once they begin . Because current weather prediction models most reliably predict regional , 
rather than local , weather patterns in the near future, the springtime streamflow surges and 
at least some winter streamflow surges are well suited for prediction by using output from 
current weather prediction models as direct inputs to watershed-scale streamflow models . 
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Medium-range streamflow predictions for the Merced River above the Happy Isles Bridge in 
Yosemite National Park, with lead times from 3 to 14 days, have been developed by combin
ing daily NOAA/National Center for Environmental Prediction accumulated precipitation and 

air temperature predictions (for a 60,000 km2 grid point) with a spatially detailed Precipita

tion Runoff Modeling System watershed model of the 500 km2 river basin . The combination 
yielded successful forecasts of the snowmelt surges during the springs of 1996 through 
1998, with lead times of as much as nine days; hindcasts using simpler, linear regression 
streamflow models yielded a similar predictability during the 17 springs from 1979 to 1995. 
During the winter storms in 19997 and 1998, streamflow predictions faced different condi
tions (rain on snow in 1997 and consecutive snow storms in 1998). The winter streamflow 
forecasts were encouragingly accurate in 1997, but were less successful during the El Nino 
conditions in 1998. Overall , the success of these streamflow predictions is attributed to the 
large scale of weather conditions that dominate snowmelt in the West. 

Landslides and This Year's Precipitation in the San Francisco Bay Area 

Donald L. Gautier and Raymond C. Wilson 
US Geological Survey 
Menlo Park, Califomia 
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In response to NOAA's predictions of an extraordinarily wet winter for the San Francisco Bay 
area in 1997-1998, the US Geological Survey (USGS) launched an effort to develop digital 
data and maps to characterize areas susceptible to landslides-both slow moving landslides 
involving bedrock and the more dangerous, fast-moving debris flows. A protocol was estab
lished among the National Weather Service, the USGS, and the California Office of Emergency 
Services to share information concern ing possible earth movement disasters. A list of private 
consultants qualified to work on earth movement problems was developed in cooperation 
with the Association of Engineering Geologists and a request for research and monitoring 
assistance was sent to nearby colleges and universities. 

The early NOAA forecasts have proven to be remarkably accurate in the San Francisco Bay 
area , with seasonal precipitation near record levels (>200% of normal). The high rainfall 
accumulation has triggered a number of large, deep, bedrock landslides, causing consider
able property damage. The season also produced an usually severe storm during 2 and 3 Feb
ruary 1998 that triggered li fe-threatening debris flows in several widely spaced areas with 
very high rainfall intensities. One fatality occurred. The distribution of debris flows, compared 
with recorded rainfall levels, appears to conform to the predictions of a rainfall and debris
flow threshold map released early in the season . 

The near absence of earth-movement insurance, and resulting commonplace litigation, indi
cates the need for further interaction between climate modelers and earth scientists to affect 
public policy concerning liability, zoning, or mitigation for earth-movement hazards in the bay 
area and elsewhere. 
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North Pacific Climatic Connections with the Upper Mississippi River 
Streamflow 

Connely K. Baldwin and Upmanu Lall 
Utah State University 
Utah Water Research Laboratory and 
Department of Civil and Environmental Engineering 
UMC 8200 
Logan, Utah 84322-8200 

The ro le of the North Pacific atmospheric and oceanic system in modulating the impact of El 
Nino is studied. Spectra l analysis techniques based on Fourier analysis are used to identify 
coherent variability between the time series of climatic indices and other hydroclimatic vari · 
abies such as streamflow or precipitation . The climate ind ices used are the NIN03 sea sur· 
face temperature anomaly, the central North Pacific (CNP) sea level pressure index and the 
North Atlantic Oscillation (NAO). It is found that all three indices have similar coherence with 
the upper Mississippi River streamflow. A number of changes in the phase and amplitude of 
streamflow coincide with changes in the spectral signature of streamflow and its coherence 
with the climate indices. It is also found that the interaction between the CNP and NAO indi · 
ces play an important role in determining the low frequency variability of streamflow. 

Evidence for a Substantial Increase in Jellyfish in the Bering Sea 
with Possible Links to Climate Change 

Richard D. Brodeur1 and James E. Overland2 

1 Alaska Fisheries Science Center 
Seattle, Washington 98115 

2Pacific Marine Environmental Laboratory 
7600 Sand Point Way NE 
Seattle, Washington 98115 

We examined quantitative catches of large medusae from summer bottom trawl surveys 
which samp led virtually the same grid station on the eastern Bering Sea shelf and used the 
same methodology every year from 1979 to 1997. This series shows a gradual increase in 
biomass of medusae from 1979 to 1989, followed by a dramatic increase in the 1990s. The 
median biomass increased ten times between the 1982-1989 and the 1990-1997 periods. 
The majority of this biomass was found within the Middle Shelf Domain, with a higher rate of 
increase in the Northwest shelf region. Several large-scale winter and spring atmospheric and 
oceanographic variables in the Bering Sea exhibited concomitant changes beginning around 
1990, indicating that a possible regime change occurred at this time. The apparent increased 
production of medusa may be related to increased sea surface temperatures caused by 
changes in the atmospheric general circulation . The April -through -July mean value of first 
rotated EOF of the 700 mb geopotential height over the Bering Sea shows a shift to positive 
values occurring around 1989. Increased geopotential heights over the Bering Sea implies 
reduced cloud cover with increased solar radiation at the sea surface, thus corresponding to 
years with positive summer SST anomalies . 
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Northern Benguela Sea Surface Temperatures, 1981-1991 

James Cole 
NOAA/NMFS. Pacific Fisheries Environmental Group 
1352 Lighthouse Avenue, Pacific Grove, California 93950-2097 

Sea surface temperature (SST) is an emergent property of a system's oceanography. In east· 
ern boundary upwelling systems, SSTs are largely determined by the play between the follow
ing: wind-driven upwelling of cold water; solar warming of the surface layers; wind-driven 
turbulence; coastally trapped waves; the inward advection of warmer water masses from the 
edges of the system (remotely forced or otherwise); and the way these factors interact with 
local bathymetry. The recent compilation of time series of pre-processed SST satellite image 
composites by organizations such as NASA and the JRC (European Commission Joint 
Research Centre) offers a way whereby the dynamics of these and other marine systems char· 
acterized by strong thermal gradients may be monitored across a wide range of different spa· 
tio-temporal scales. Possible applications range from assessing the impact of climate change 
on the physical dynamics of these systems to detailed investigations into how oceanic vari· 
ability can influence the size and distribution of commercial fish stocks . In this instance, 
mean monthly SST images of the northern benguela upwelling system from 1981 to 1991 
were extracted from the Cloud and Ocean Remote Sensing around Africa (CORSA) data set 
held at the JRC and presented as a mosaic. Clearly identifiable are seasonal fluctuations in 
upwelling activity; the 1984 and 1988 'Benguela Nifios,' as characterized by the strong 
southward advection of warm tropical Angolan water and reduced cold water upwelling dur· 
ing the austral summers of 1984 and 1988; and an impressive amount of detail on the 
mesoscale structure of the system, indicating that structures associated with upwelling activ· 
ity, such as eddies and filaments, can be spatially coherent over time spans as long as a 
month . 

Sierra Nevada Tree Rings and Storms 

Gregg M. Garfin 
University of Arizona 
Laboratory of Tree Ring Research 
Tucson, Arizona 85721 
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Southcentral Sierra Nevada extreme tree growth anomalies and their relationships to pre· 
ferred storm tracks and storm characteristics are examined using positive vorticity advection 
(PVA) count, temperature, and precipitation data for the period 1947-1987. Twenty tree ring 
chronologies are reduced to two weighted average chronologies: one based on giant sequoia 
(Sequoiadendron giganteum) from -2,000 m and one based on pine (Pinus ba/fouriana, Pinus 
albicaulis) from -3,500 m. Composites of storm characteristics for November through March 
and storm tracks (based on PVA counts) for December through February are created for the 
highest and lowest deciles and quintiles of tree growth . Results show that both chronologies 
display extremely high growth when winter storms are of long duration, interstorm periods 
are warmer than average, and storm tracks are south of the mean north Pacific track. Low 
growth years for both chronologies are associated with more frequent short duration storms, 
few or no long duration storms, and a paucity of storm activity in the eastern Pacific between 
20-40°N. Interestingly, during sequoia low-growth years, both storms and interstorms are 
warmer than average and storms tend to be deflected from the western North American 
coast toward the Alaskan Peninsula, whereas during pine low-growth winters, storms and 
interstorms are cooler than average and storm activity is enhanced along the mean storm 
track. These results show great promise for reconstruct ion of precipitation-relevant physical 
features , for example, preferred storm track, using the contrast in response between chronol 
ogies. They also indicate the va lue of using climate parameters collected on daily time scales, 
but tabulated monthly or seasonally, for future dendroclimatological reconstructions . 
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Cold-season Severe Sustained Droughts in the Western United States: 
The Role of Atmospheric Circulation 

Henry H. Gu And John A. Dracup 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles , California 90095-1593 

The cold-season severe sustained drought (CSSD) events in a defined drought region in the 
western US have been identified by an objective procedure. The roles of the underlying domi 
nant atmospheric dynamic factors have been investigated via anomaly and similarity pattern 
analyses . Potential for CSSD forecast is explored by assessing the lag similarity structures 
between precipitation and atmospheric pressure and temperature several months in advance. 
A CSSD mechanism is suggested in the framework of quasi -geostroph ic dynamics. The analy
ses show that a CSSD is dominated by the local atmospheric anticyclonic thermodynamics 
and by (the abnormal changes in) the large-scale atmospheric circulation. The influence of 
pressure tends to be simultaneous, while that of surface temperature could spread into a 
longer period of time. In contrast to a multiyear flood, which is often associated with a sol i
tary cyclone, a CSSD is always associated with a well -developed westward -tilted trough-ridge
trough train, with the ridge over the drought region, one trough in the upstream, northern 
Pacific-Aleutian area and one trough in the downstream, eastern Canada-Northern Atlantic 
region. Through differential advection , the upper tropospheric troughs (ridge) are intensified 
by the underneath cold (warm) advection . In the drought area , the warm advection also helps 
warm the upper atmosphere and suppress the growth of cumulus clouds due to the atmo
spher ic static stability. This leads to more incoming short wave solar radiation and a warmer 
atmosphere. Through such a positive feedback mechanism, the drought situation can susta in 
for several years. 

Application of Climatic Analyses for Historical and Future Simulations of 
Groundwater and Surface Water Flow in the Santa Clara-Calleguas Basin, 
Ventura County, California 

R.T. Hanson 
US Geological Survey, San Diego, California 

Increased development of the surface water and groundwater resources in the coastal Santa 
Clara-Calleguas basin since the late 1800s has resulted in streamflow depletion and ground
water overdraft that, in turn , has resulted in sea water intrusion, changes in interaquifer flow, 
land subsidence, and groundwater contamination. A method was developed to incorporate 
climatic variation and to improve the historical calibration and future projection of ground 
water and surface water and provide a seamless t ransition between historical and future con
ditions simulated by the model. The resulting regional simulation model provides a better 
management tool to analyze the major problems affecting water resources management of a 
typ ical coastal watershed . 

Climatically-based analyses and estimates with geostatistics, spectral analyses, and nonlin
ear regression were used to develop the driving-force inputs for a regional groundwater and 
surface water flow model of the Santa Clara-Ca lleguas basin. Since the 1890s there have 
been twelve, alternating, multiple-year wet and dry periods associated with precipitation vari
ations characterized by periods of 2.2 to 2.9 years and 5.3 to about 22 years. These twelve 
periods form the basis for estimation of supply and demand components. Growing demands 
on the conjunctive use of groundwater and surface water must be considered within the con
text of these variations in supply. That interplay has (1) controlled the quantity and distribu
tion of streamflow and recharge over the past several hundred years, (2) driven agricultural 
water demand , and (3) required the development of large-scale water supply projects. The 
shared climatic forcings of water use and recharge supply have resulted in a majority of the 
recharge and streamflow diversion occurring during wet periods . During dry periods 
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increased pumpage and reduced recharge cause water-level declines, sea water intrusion, 
and land subsidence. 

In addition to the climatic segregations used for historical simulations, spectral estimates of 
precipitation were used as a basis for estimation of streamflow and recharge for future pro
jection simu lations. Since the future estimates were based upon an autoregressive model of 
spectral estimates , they provide a smooth transition in rates and magnitude from historical 
to future precipitation. For the first seven years of future projection , this method provides 
strong correlation with the historical data that results in a seamless transition from historical 
to future simulation conditions. 

NoEl Niiio, But Variable Precessional Insolation, Antiphase Inter
hemispheric Climate Trends, and Globally Synchronous Secondary Cycles 

Thor Karlstrom 
US Geological Survey 
4811 SW Brace Point Drive 
Seattle, Washington 98136 

Additional time series, analyzed since the publication of my last paper (Karlstrom 1997), 
continue to support the Solar Insolation/Tidal Resonance Climate Model by recording latitu
dinal variability for longer-term climate trends, but globally-synchronous, shorter-term 
trends. 

The Timing of Peak Spring Runoff from Yosemite National Park 

John Keyantash and John A. Dracup 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles, California 90095-1593 

Streamflow records for the Merced River were analyzed to determine whether the peak spring 
runoff from Sierra Nevada snowpack is occurring earlier in the year due to global warming or 
other factors . The portion of the Merced River within Yosemite National Park was chosen 
because it is an un impaired stream there, free from upstream diversions or regulations. 
Streamflow data, including daily mean and annual instantaneous peak flows, were analyzed 
to determine the timing of peak spring runoff for water. 

The daily mean data set was segregated into twenty-year intervals, which were tested for 
trends using two nonparametric techn iques, the Wilcoxon rank-sum test and the Kruskai-Wal
lis test. Both approaches returned identica l results (at the 95 percent confidence level): the 
timing of the peak vernal daily mean runoff on the Merced River has not exhibited a discern 
ible trend over the last eighty years. 

Modeling the Influence of 1998 Winter Inflows on San Francisco Bay 
Salinities 

Noah Knowles 
Scripps Institution of Oceanography, Climate Research Division 
La Jolla, California 92093-0224 
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The effect of variability of managed inf lows on water quality in San Francisco Bay has long 
been a central issue of California water resources. Here, preliminary estimates of Sacra 
mento-San Joaquin Delta outflow for water year 1998 are used to drive an intertidal model of 
bay-wide water quality. Delta outflow for water year 1998 was characterized by a broad peak, 
beginning in late January with sustained flows of 6,000-9,000 cubic meters per second 
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throughout February. Modeled salinity quickly dropped to -5 psu during this period through· 
out the northern reach to Angel Island. Outflow subsided considerably in May, though the 
strong February freshwater signal continued to propagate into south bay. A short-lived resur· 
gence reaching nearly 5,000 em in late May and early April has kept northern reach salinities 
near -5 psu through at least mid-April. The extended duration of the freshening appears to 
be the most unique aspect of the bay's behavior in water year 1998 when compared to recent 
years. 

Monitoring the Impact of ENSO Events on New Production in Monterey 
Bay, California 

Raphael Kudela 
Monterey Bay Aquarium Research Institute 
Moss Landing, California 

New primary production is estimated using a physiologically-driven model of phytoplankton 
utilization of nitrate (analogous to new production) for the Monterey Bay, California, region . 
Primary inputs for the model come from time-series measurements of temperature and bio· 
mass (chlorophyll) data available from three moorings, which allows us to model new produc· 
tion for the mixed layer on a daily basis . The model successfully reproduces the seasonal 
pattern of nitrate utilization determined from shipboard experiments using traditional stable· 
isotope techniques. It is used to explore the effects of the 1992 El Nino event for this region 
and to track the development of the 1997-1998 event. During the 1992 ENSO event, signifi· 
cant anomalies in the central California region for both temperature and salinity were 
observed , including elevated sea surface temperatures, a deepening of the thermocline, and 
a severe decrease in surface nutrient concentrations in the Monterey Bay region . Despite the 
significant physical changes caused by the 1992 ENSO event, rates of primary productivity 
demonstrated only a minor decrease at the beginning of the year, with no statistically signifi · 
cant difference between the annual rates for 1992 and the non-ENSO period from 1989-
1991. 

Our model demonstrates a substantial decrease (about four times less) in new production 
during 1992. During this same period, new production was greatly reduced (more than four 
times) further away from shore and presumably downstream from the moorings during the 
spring upwelling season . We expect that the 1997-1998 event will have an even greater 
impact on new and primary productivity in Monterey Bay. Using the time-series data and our 
physiological model , we will document the ongoing effects of the 1997-1998 ENSO event in 
Monterey Bay and contrast this event with the historical data for 1992. 

Decadal Variability in the Strength of ENSO Teleconnections with 
Precipitation in the Western United States 

Gregory J. McCabe 1 And Michael D. Dettinger2 

1 US Geological Survey 
Denver Federal Center, MS 412 
Denver, Colorado 80225 

2us Geological Survey and 
Scripps Institution of Oceanography, Climate Research Division 
La Jolla, California 92093-0224 

Changing patterns of correlations between historical average June-through-November South· 
ern Oscillation Index (SOl) values and October-through-March precipitation totals for 84 eli· 
mate divisions in the western United States (US) indicate a large amount of variability in SOl / 
precipitation relations on decadal time scales. Correlations of western US precipitation with 
SOl and other indices of tropical El Nino Southern Oscillation (ENSO) processes were much 
weaker from 1920 to 1950 than during recent decades. This variability in teleconnections is 
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associated with the character of tropical air-sea interactions as indexed by number of out-of
phase SOl/tropical sea -surface temperature episodes, and with decadal variability in the 
North Pacific Ocean as indexed by the Pacific Decadal Oscillation (PDO). ENSO teleconnec
tions with precipitation in the western US are strong when SOl and NIN03 are out of phase 
and PDO is negative. ENSO teleconnections are weak when SOl and NIN03 are in phase and 
PDO is positive. Decadal modes of tropical and North Pacific Ocean climate variability are 
important indicators of periods when ENSO indices, like SOl , can be used as reliable predic
tors of winter precipitation in the US. 

El Niiio Forcing of Higher-than-Normal Sea Level in San Francisco Bay 

Holly Ryan, Marlene Noble, and Dave Peterson 
US Geological Survey, Menlo Park, California 94025 

The effects of El Nino on the coastal ocean have resulted in the remote and local forcing of 
sea level in San Francisco Bay. The remote forcing can be related to the passage of Kelvin 
waves that were generated near the equator in response to El Nino conditions, and then prop
agated to the north along the west coast of North America as coastally-trapped waves. Spec
tral analyses of a 100-year record of subtidal sea level records from San Francisco Bay show 
a broad-band energy peak at a 40-70 day period, consistent with that expected for coastally
trapped waves. During time periods of strong El Nino conditions such as during the 1982-
1983 El Nino, the 40- to 70-day peak can be the dominant subtidal period . This past year, 
multiple coastally-trapped waves with an associated positive temperature signal were 
observed along the coast of central California starting in May, 1997 or perhaps earlier. The 
passage of these waves can result in a rise of sea level of up to 20 em and a several degree 
Celsius increase in sea surface temperature near the coast. In addition, local forcing of sub
tidal sea level fluctuations can be related, in part, to wind stresses that during the 1997-
1998 El Nino were oriented more to the north-northwest than normal. The northwestward 
winds caused sea level at the coast to rise, hence also the water level in San Francisco Bay. 

Teleconnections and California Precipitation Prediction by Artificial 
Neural Networks 

David Silverman and John A. Dracup 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
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Teleconnections are recurring and persistent large-scale pressure patterns and circulation 
anomalies that span large geographical areas . Artificial neural networks (ANNs) are espe
cially useful for classification and function approximation and mapping problems and are tol 
erant of some imprecision, but which hard and fast rules cannot easily be applied . This study 
uses ANNs to map a year's (January through December) time series of the Northern Hemi 
sphere teleconnection indices onto the water year (October through September) total precip
itation of California's seven climatic zones with different lag times between the inputs and 
outputs. It was found that with a year lag (in other words, using teleconnection indices Janu
ary through December of yearn to predict the precipitation water year October of year n- 1 
through September yearn + 2) good predictability is possible for most years and climate 
zones. 
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Appendix A 
Agenda 

Fifteenth Annual Pacific Climate (PACLIM) Workshop 
Wrigley Institute for Environmental Studies (WIES) 
Two Harbors, Santa Catalina Island, California 
Apr il 27-30, 1998 

PACLIM is a multidisciplinary workshop that broadly focuses on climate phenomena 
occurring in the eastern Pacific and western Americas. Its purpose is to understand 
the climate effects in this region by bringing together specialists from diverse fields 
including both physical and biological sciences. Time scales range from weather to 
paleoclimate. 

Our theme sessions, convened throughout the day on Tuesday April 28, 1998, deal 
with this year's El Nino. The large scale and magnitude of this climate event ensured 
that its influence would be widespread and potentially important to many natural 
and social systems. Thus, our theme session is intended to report on the initial 
assessments of its impacts and significance. 

This year, we are meeting for the second time at the Wrigley Institute for Environ 
mental Studies Conference Center on Santa Catalina Island. The atmosphere of the 
Workshop is intent ionally informal and room and board are provided for the partici
pants. The Workshop is organized by a committee of representat ives from several 
organizations, but historically it has been spearheaded by US Geological Survey sci
entists. Held annually, the Workshop has benefited from funding and other forms of 
support from several agencies, public and private (see Sponsors, page 1). 
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Agenda 

Fifteenth Annual Pacific Climate (PACLIM) Workshop 
Wrigley Institute for Environmental Studies (WIES) 
Two Ha rbors, Santa Catalina Island, California 
April 27-30, 1998 

Monday Evening 

Moderator: 

7:00-7:10 PM 

7:10-7:30 PM 

7:30-7:50 PM 

7:50-8:10 PM 

8:10PM 
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WIES Meal Schedule 
Breakfast 7:30-8:30 AM 
Lunch 
Dinner 

12:00-1:00 PM 
6:00-7:00 PM 

April 27, 1998 

Introductory Session 

Janice Tomson, Long Beach City College 

Welcome and Announcements 

An Overview ofWestem Climate Since PACLIM 1997 
Kelly T. Redmond 
WRCC , Desert Research Institute, Reno, Nevada 

How Does 1998 Floods and Water Supply Compare with 1997 and 
1983? 
Maurice Roos 
California Department ofWater Resources, Sacramento, Califomia 

ENSO 1997-1998: Forecasts, Impacts, and Lesson 
Liqiang Sun 
Intemational Research Institute 
Scripps Institution of Oceanography, La Jolla, California 

Social Gathering 
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Tuesday Morning 

Moderator: 

8:30-9:00 AM 

9:00-9:30 AM 

9:30-10:00 AM 

10:00-10:15 AM 

10:15-10:35 AM 

10:35-10:55 AM 

10:55-11:15 AM 

11:15-11:35 AM 

April 28, 1998 

1997-1998: El Niiio of the Century? 

Dan Cayan, Scripps Institution of Oceanography and 
US Geological Survey 

Large-scale Weather Regimes and Local Climate 
Over the Western US 
Tom Murphree, Frank Schwing, and Huug Van Den 
Naval Postgraduate School, Department of Meteorology 
Monterey, California 

Forecasting the Atmospheric Response to the 1997-1998 ENSO 
Kingste Mo. M. Kanamitsu, and X.L. Wang 
NCEP /NWS/NOAA, Climate Prediction Center, Washington D.C. 

Measuring the Strength ofENSO Events-How Does 1997-1998 
Rank? 
Klaus Wolter 
OAA-CIRES-CDC, University of Colorado, Boulder, Colorado 

Break 

Toward Regional Downscaling of 1997-1998 El Nifw GCM 
Predictions 
Andrew W. Robertson 
University of California, Los Angeles 
Department of Atmospheric Sciences 
Los Angeles, California 

Biological-Physical Coupling in the Central Equatorial Pacific 
During the Onset of the 1997-98 El Nifio 
Peter G. Strutton, F.P. Chavez, and M.J. McPhaden 
Monterey Bay Aquarium Research Institute 
Moss Landing, California 

Regional Transport Covariability in the California and Alaska 
Currents During the Onset ofthe 1997-1998 El Nifio 
P. Ted Strub and Corinne James 
Oregon State University 
College of Oceanic and Atmospheric Sciences 
Corvallis , Oregon 

EL Nifio 1997: Simultaneous Extrema in Gulf of Alaska 
Oceanography and Salmon Biology 
Skip McKinnell 
Ocean Sciences Division, Pacific Biological Station 
Nanaimo, British Columbia 
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Tuesday Morning, continued April 28, 1998 

11:35-11:55 AM The Impact of the 1997-1998 El Nifw on World Grain Yields 
Ray Gamett 
Canadian Grain Commission, Manitoba, Canada 

12:00-1:30 PM Lunch 

Tuesday Afternoon April 28, 1998 

Moderator: 

1:30-2:00 PM 

1997-1998: El Nino of the Century? 

Mike Dettinger, US Geological Survey, San Diego, California 

El Nino, La Nina, and Flood Frequency in Arizona and Adjacent 
Regions 
Robert H. Webb 
US Geological Survey, Tucson, Arizona 

2:30-3:00 PM Nonstationarity in ENSO and Its Teleconnections: An Exploratory 
Analysis and a Nonlinear Dynamics Perspective 
Upmanu Lall, B. Rajagopalan, and Mark Cane 
Utah State University, Utah Water Research Laboratory 
Logan, Utah 

3:00-3:30 PM 1997-1998: El Nino of the Past Three Centuries? 
Michael E. Mann, R.S. Bradley, and M.K. Hughes 
University of Massachusetts , Department of Geosciences 
Amherst, Massachusetts 

3:30-4:00 PM Poster Introductions 

4:00-4:15 PM Break 

4:15-5:30 PM Posters 

5 :30-7:00 PM Dinner 

Tuesday Evening April 28, 1998 

7:30-8:15 PM 
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1997-1998: El Nino of the Century? 

What to Expect from an Extreme La Nina-The Opposite of the Effect 
from an Extreme El Nino? 
Marty Hoerling 
NOAA-CIRES-CDC, University of Colorado, Boulder 
Boulder, Colorado 
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Wednesday Morning April29, 1998 

Moderator # 1: 

8:30-8:50 AM 

8:50-9:10 AM 

9:10-9:30 AM 

9:30-9:50 AM 

9:50-10:10 AM 

10:10-10:30 AM 

Moderator #2: 

10:30-10:50 AM 

General Sessions 

Curt Ebbesmeyer, Evans-Hamilton, Inc., Seattle, Washington 

Watching Warm Events on Their Global Walkabout 
Gary D. Sharp 
Center for Climate-Ocean Resources Study, Monterey, Califomia 

Interaction Between ENSO and the North Pacific Oscillation: 
Implications for Long-Range Predictability of Intraseasonal 
Hydrologic Extremes in the Western US 
Alexander Gershunov, T. Barnett, D. Cayan, and L. Riddle 
Scripps Institution of Oceanography, Climate Research Division 
La Jolla, California 

Interpreting the Observed Patterns of Pacific Ocean Decadal 
Variations 
Art Miller 
Scripps Institution of Oceanography, Climate Research Division 
La Jolla, California 

Ocean-wide Winter Drift Trajectories in the North Pacific Ocean 
Computed with the OSCURS Model Show Decadal and El Nino 
Patterns 1901-1998 
W. James Ingraham, Jr. and C.C. Ebbesmeyer 
Alaska Fisheries Science Center-NMFS-NOAA 
Seattle, Washington 

A Comparison of Ship Winds with NSCAT Scatterometer 
Measurements in the Western Equatorial Pacific Warm Pool During 
January-February 1997 
Kyozo Ueyoshi 
Japan Marine Science and Technical Center 
Ocean Research Division 
Yokosuka, Japan 

Break 

Malcolm Hughes, University of Arizona, Laboratory of Tree Ring 
Research 

Decadal Patterns in a Sandy Subtidal Community: Effects of 
Decreased Oceanic Productivity 
Stacy Kim, J.S. Oliver, and P.N. Slattery 
Moss Landing Marine Laboratories, Moss Landing, California 
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Wednesday Morning, continued April 29, 1998 

10:50-11:10 AM 

11:10-11:30 AM 

11:30-11:50 AM 

12:00-1:30 PM 

Climatic Inferences from a 1200-year Tree-ring Reconstruction of 
Sacramento River Flow 
David M. Meko, C.H. Basin, and M.K. Hughes 
University of Arizona, Laboratory of Tree Ring Research 
Tucson, Arizona 

Evidence for ENSO in Tree-Ring o13C Along a 500-KM E-WTransect 
in Southern Arizona and New Mexico 
Steven Leavitt, W.E. Wright, and A. Long 
University of Arizona, Laboratory of Tree Ring Research 
Tucson, Arizona 

ENSO Teleconnections: Eastern Pacific Sea Surface Correlations with 

o18 0 in Southeastern Arizona Precipitation and Tree Cellulose 
William E. Wright, S.W. Leavitt, and A. Long 
University of Arizona, Laboratory of Tree Ring Research 
Tucson, Arizona 

Lunch 

Wednesday Mternoon April 29, 1998 

Moderator: 

1:30-1:50 PM 

1:50-2:10 PM 

2:10-2:30 PM 
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General Sessions 

Caroline Isaacs, US Geological Survey, Menlo Park, Califomia 

The Late 1500 Severe Sustained Drought in the Colorado River 
Basin: Is It Real? 
John Dracup, H. Hidalgo, G. MacDonald, and T. Piechota 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles, California 

GlaciaL to Interglacial Contrasts in Organic Matter Production and 
Preservation on the California Continental Margin 
Walter H. Dean and J.V. Gardner 
US Geological Survey, Federal Center, Denver, Colorado 

Simulation of Climate and Runoff for the Bonneville Basin at the Last 
Glacial Maximum 
Susanne M. Clement, M.M. Timofeyeva, and R.C. Craig 
Kent State University, Department of Geology, Kent, Ohio 
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Wednesday Afternoon, continued April 29, 1998 

2:30-2:50 PM 

2:50-3:10 PM 

3:10-5:30 PM 

5:30-7:00 PM 

A Revised Hypothesis for Evolution and Biogeography of Monterey 
Pine (Pinus radiata) Inferred from Fluctuating Quaternary 
Climates 
Constance I. Millar 
US Department of Agriculture, Forest Service 
PSW Research Station, Albany, Califomia 

Last 2000 Years of Lake-level Variability at Pyramid Lake, Nevada 
Steve Lund, Larry Benson, and Joe Snoot 
University of Southem California, Los Angeles , California 

Free Time 

Dinner 

Wednesday Evening April 29, 1998 

7:30-8:15 PM 

Thursday Morning 

Moderator: 

8:30-8:50 AM 

8:50-9:10 AM 

9:10-9:30 AM 

General Sessions 

River Management and Climate Variability (The Grand Canyon Flood 
Experiment) 
R. Webb and T. Melis 
US Geological Survey, Tucson, Arizona 

April30, 1998 

General Sessions 

Ray Wilson, US Geological Survey, Menlo Park, Califomia 

ENSO and the Glen Canyon Dam Adaptive Management Program: 
Eastern North Pacific Forcing of Faria River Floods in 1997 
David J. Topping, T. Melis, and R.S. Pulwarty 
US Geological Survey, Lakewood, Colorado 

Time Scales of Variability in the Colorado River Basin: Implications 
for the Glen Canyon Adaptive Management Program 
Roger Pulwarty, T.S. Melis, T.S. Fulp, and R. Peterson 
US Department of the Interior 
Grand Canyon Monitoring and Research Center 
Flagstaff, Arizona 

ENSO Phase, Streamflow, and Precipitation Frequency and 
Persistence 
Kelly Redmond, D. Cayan, and L. Riddle 
WRCC, Desert Research Institute, Reno, Nevada 
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Thursday Morning, continued Apri130, 1998 

9 :30-9:50 AM 

9:50-10:10 AM 

10:10-10:30 AM 

10:30-10:50 AM 

10:50-11:10 AM 

11:10-11:35 AM 

11:35-11:50 AM 

12:00-1:30 PM 
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Winter Freshening of the Northeastern Pacific Coastal Plume by 
Interseasonal Reservoir Division of the Columbia River 
C.C. Ebbesmeyer and W. Tangbom 
Evans-Hamilton, Inc., Seattle, Washington 

The Spring Runoff Pulse from the Sierra Nevada: A Regional 
Transition 
Dan Cayan 
Scripps Institution of Oceanography, La Jolla, Califomia 

Break 

Development of an Exceedence Probability Streamflow Forecast 
Using ENSO and Pacific SST Predictors 
Tom Piechota, J. Dracup, F. Chiew, and T. McMahon 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles, California 

Medium-range Prediction of Snowmelt Streamflow Surges in the 
Merced River, Sierra Nevada, 1996-1998 
Michael Dettinger, D. Cayan, D. Peterson, and H. Diaz 
US Geological Survey, San Diego, California 

Landslides and This Year's Precipitation in the San Francisco Bay 
Area 
Donald Gautier and R.C. Wilson 
US Geological Survey, Menlo Park, Califomia 

Leave-taking and Plans 

Lunch 
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Appendix B 
Poster Presentations 

Fifteenth Annual Pacific Climate (PACLIM) Workshop 
Wrigley Institute for Environmental Studies (WIES) 
Two Harbors, Santa Catalina Island, California 
April 27-30, 1998 

North Pacific Climatic Connections with the Upper Mississippi River 
Streamflow 

C.K. Baldwin and U. Lall 
Utah State University 
Utah Water Resources Laboratory and 
Department of Civil and Environmental Engineering 

Evidence for a Substantial Increase in Jellyfish in the Bering Sea with 
Possible Links to Climate Change 

RD. Brodeau and J.E. Overland 
Alaska Fisheries Science Center 
Seattle, Washington 

Northern Benguela Sea Surface Temperatures 1981-1991 

James Cole 
NOAA-NMFS, Pacific Fisheries Environmental Group 
Pacific Grove, California 

Sierra Nevada Tree Rings and Storms 

G.M. Garfin 
University of Arizona 
Laboratory of Tree Ring Research 
Tucson, Arizona 

Cold Season Severe Sustained Droughts in the Western United States: 
The Role of Atmospheric Circulation 

H.H. Gu and J.A. Dracup 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles , California 

Application of Climatic Analyses for Historical and Future Simulations 
of Groundwater and Surface Water Flow in the Santa Clara-Calleguas 
Basin, Ventura County, California 

R.T. Hanson 
US Geological Survey 
San Diego, California 
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Variable Latitudinal Precessional Controls and Out-of-Phase 
Hemispheric Climates 

T. Karlstrom 
US Geological Survey 
Seattle, Washington 

The Timing of Peak Spring Runoff from Yosemite National Park 

J. Keyantash and J .A. Dracup 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles, California 

Modeling the Influence of 1998 Winter Inflows on San Francisco Bay 
Salinities 

Noah Knowles 
Scripps Institution of Oceanography, Climate Research Division 

Monitoring the Impact of ENSO Events on New Production in Monterey 
Bay, California 

Raphael Kudela 
Monterey Bay Aquarium Research Institu te 
Moss Landing, California 

Decadal Variability in the Strength of ENSO Teleconnections with 
Precipitation in the Western US 

G.J. McCabe and M.D. Dettinger 
US Geological Survey 
Denver, Colorado 

El Nifto Forcing of Higher-than-Normal Sea Level in San Francisco Bay 

H. Ryan, M. Noble, and D. Peterson 
US Geological Survey 
Menlo Park, California 

Teleconnections and California Precipitation Prediction by Artificial 
Neural Networks 

D. Silverman and J.A. Dracup 
University of California, Los Angeles 
Department of Civil and Environmental Engineering 
Los Angeles. California 
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Appendix C 
Attendees 

Fifteenth Annual Pacific Climate (PACLIM) Workshop 
Wrigley Institute for Environmental Studies (WIES) 
Two Harbors, Santa Catalina Island, California 
April 27-30, 1998 

Roger Anderson 
University of New Mexico 
Earth and Planetary Sciences 
Albuquerque, NM 87161 
(P) 505 277 1639 
(F) 505 277 8843 
ryand@unm.edu 

Wolf Berger 
Scripps Institution of Oceanography 
9500 Gilman Drive 
La Jolla, CA 92093-0215 
(P) 619 534 2826 
(F) 619 453 0167 
wberger@ucsd.edu 

Greg Bohr 
San Diego State University 
Geography 
5840 Lindo Paseo #20 
San Diego, CA 92115 
(P) 619 583 8544 
bohr@orhan.sdsu.edu 

J. Platt Bradbury 
US Geological Survey 
Federal Center 
P.O. Box 25046, MS 980 
Denver, CO 80225 
(P) 303 236 5666 
(F) 303 236 5349 
jbradbur@usgs.gov 

Annette Casey 
Ocean Research Institute 
650 Loring Street 
San Diego, CA 92109 
(P) 619 483 6507 

Richard Casey 
Ocean Research Institute 
650 Loring Street 
San Diego, CA 92109 
(P) 619 483 6507 

Dan Cayan 
Scripps Institution of Oceanography 
Climate Research Division 0224 
9500 Gilman Drive 
La Jolla, CA 92093-0224 
(P) 619 534 4507 
(F) 619 534 8561 
dcayan@ucsd.edu 

Kenneth Cole 
US Geological Survey 
University of Minnesota 
Forest Resources 
St. Paul, MN 55108 
(P) 612 624 4296 
(F) 612 625 5212 
kcole@forestry. umn. ed u 

Arlene Collins 
University of Alberta 
Dept. of Earth and Atmospheric Science 
Edmonton, Alberta, Canada T6G2E3 
(P) 403 492 1120 
(F) 403 492 2030 
acollins@aofc.forestry.ca 

Loren Davis 
University of Alberta 
Anthropology, 13-15 Tory 
Edmonton, Alberta, Canada T6G2H4 
(P) 403 492 1120 
(F) 403 492 5273 
lgdavis@gpu.srv. ualberta.ca 
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Diane DeRobertis 
University of California, Berkeley 
Geography 
2100 Channing Way #414 
Berkeley, CA 94704 
(P) 510 664 0792 
dianamd @violet. berkeley. edu 

Kathleen Dorsey 
Kinnetic Laboratories 
307 Washington Street 
Santa Cruz, CA 95060 
(P) 408 457 3950 
(F) 408 426 0405 
kinnetic@cruzio. com 

John Dracup 
University of California, Los Angeles 
Atmospheric Sciences 
5732 Boelter Hall 
Los Angeles, CA 90095-1595 
(P) 310 825 2176 
(F) 3 10 206 7245 
dracup@seas . ucla.edu 

Richard Forester 
US Geological Survey MS980 DFC 
Denver, CO 80225 
(P) 303 236 5656 
(F) 303 236 5349 
forster@usgs.gov 

Sheri Fritz 
Leheigh University 
31 Williams Drive 
Bethleh em, PA 18015 
(P) 610 758 6580 
(F) 610 758 3677 
scfa@lehigh.edu 

Gregg Garfin 
University of Arizona 
Laboratory of Tree Ring Research 
Building 58, Room 105 D2 
Tucson, AZ 85721 
(P) 520 626 3142 
(F) 520 621 8229 
g@ltrr.arizona.edu 
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David Greenland 
University of Oregon 
Geography 
Eugene, OR 97403-5351 
(P) 541 346 4561 
(F) 541 346 2067 
greenland@oregon. uoregon. edu 

Laurie Grigg 
University of Oregon 
Geography 
Eugene, OR 97403 
(P) 541 346 2698 
(F) 541 346 2067 
lgrigg@darkwing. uoregon. ed u 

Henry Gu 
University of California, Los Angeles 
Civil and Environmental Engineering 
3066 Engineer I 
Los Angeles, CA 90095-1593 
(P) 310 206 8612 
(F) 310 206 7245 
henryg®seas. ucla.edu 

Felipe Gutierrez 
University of California, Los Angeles 
3181 Sepulveda Boulevard 107 
Los Angeles, CA 90034 
(P) 310 398 1672 
(F) 310 398 1672 
fgutierr@ucla.edu 

Steven R. Hare 
International Pacific Halibut Commission 
P.O. Box 95009 
Seattle, WA 98145 
(P) 206 634 1838 ext. 230 
(F) 206 632 2983 
hare@iphc. washington.edu 

Hugo Hidalgo 
62248 Metz Street 
Long Beach, CA 90808 
(P) 310 425 1331 
hhidalgo@ucla .edud 
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Wayne Higgins 
Climate Prediction Center 
NCEP /NWS/NOAA 
5200 Auth Road, Room 605 
Camp Springs, MD 207 46 
(P) 301 763 8227 ext. 7547 
(F) 301 763 8395 

Steven Hodge 
US Geological Survey 
University of Puget Sound 
Tacoma, WA 98416 
(P) 206 593 6516 
(F) 206 383 7967 
smhoge@usgs.gov 

Martin Hoerling 
University of Colorado, Boulder 
CIRES 
Campus Box 449 
Boulder, CO 80309 
(P) 303 492 1114 
(F) 303 497 70 13 
mph@cdc.noaa.gov 

Malcolm Hughes 
University of Arizona 
Laboratory of Tree Ring Research 
Tucson, AZ 85721 
(P) 520 621 6670 
(F) 520 621 8229 
mhughes@ltrr. arizona. edu 

B. Lynn Ingram 
University of Califomia, Berkeley 
Depa rtment of Geography 
Berkeley, CA 94 720 
(P) 510 643 1473 
(F) 510 642 3370 
ingram@socrates .berkeley.edu 

W. James Ingraham, Jr. 
NOAA-NMFS-Alaska Fisheries Science Center 
7600 Sand Point Way, NE 
BIN C15700 
Seattle, WA 98115-0070 
(P) 206 526 4241 
(F) 206 526 6723 
jingram@afsc.noaa.gov 

Brenda Johnson 
University of Califomia, Davis 
DES 
Center for Ecological Health Research 
Davis, CA 95616 
(P) 916 756 7069 
(F) 916 752 3350 
bjohnson@mother.com 

Thor and Carol Karlstrom 
4811 SW Brace Point Drive 
Seattle, WA 98136 
(P) 206 935 7087 

Charles D. Keeling 
Scripps Institution of Oceanography 
0220 
La Jolla, CA 92093-0220 
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